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ABSTRACT 

Two d i f f e r e n t  t e c h n i q u e s  were  u s e d  t o  make m e a s u r e -  
ments  o f  t h e  a b s o l u t e  v a l u e  o f  e l e c t r o m a g n e t i c  n o i s e  i n  
an  o p e r a t i n g  c o a l  m ine ,  Robena No. 4 ,  l o c a t e d  n e a r  
Viaynesburg, P e n n s y l v a n i a .  One t e c h n i q u e  measu re s  n o i s e  
o v e r  t h e  e n t i r e  e l e c t r o m a g n e t i c  s p e c t r u m  o f  i n t e r e s t  f o r  
b r i e f  t i n e  p e r i o d s .  Wi th  p r e s e n t  i n s t r u m e n t a t i o n ,  t h e  
s p e c t r u m  c a n  be c o v e r e d  f rom 40 Hz t o  400 kHz. I t  i s  
r e c o r d e d  u s i n g  b r o a d - b a n d  a n a l o g  m a g n e t i c  t a p e ,  and t h e  
n o i s e  d a t a  a r e  l a t e r  t r a n s f o r m e d  t o  g i v e  s p e c t r a l  p l o t s .  
The o t h e r  t e c h n i q u e  r e c o r d s  n o i s e  e n v e l o p e s  a t  s e v e r a l  
d i s c r e t e  f r e q u e n c i e s  f o r  a  s u f f i c i e n t  amount o f  t i n e  t o  
p r o v i d e  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 s .  

The s p e c i f i c  measured  r e s u l t s  a r e  g i v e n  i n  a  number 
o f  s p e c t r a l  p l o t s  and s l r ~ 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  
p l o t s .  The g e n e r a l  r e s u l t s  a r e  t h a t  a t  f r e q u e n c i e s  be low 
1 0  kHz, power l i n e  n o i s e  w i t h i n  t h e  mine i s  s e v e r e .  
I m p u l s i v e  n o i s e  i s  s e v e r e  n e a r  a r c i n g  t r o l l e y s ,  and  
a t  l ower  f r e q u e n c i e s  n e a r  a n y  t r a n s m i s s  i o n  l i n e .  C a r r i e r  
t r o l l e y  phone s i g n a l s  and ha rmon ic s  a r e  s t r o n g  t h r o u g h o u t  
t h e  mine whenever  t h e  t r o l l e y  phone i s  i n  o p e r a t i o n .  

A d d i t i o n a l  i n f o r m a t  i o n  beyond t h a t  i n c l u d e d  i n  t h i s  
r e p o r t  may b e  o b t a i n e d  from t h e  a u t h o r s ,  who a r e  w i t h  
t h e  E l e c t r o m a g n e t i c s  D i v i s i o n  o f  t h e  N a t i o n a l  Bureau o f  
S t a n d a r d s .  

Key words  : 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 ;  c o a l  mine 
n o i s e ;  d i g i t a l  d a t a ;  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 ;  emergency  communica t i ons ;  F a s t  F o u r i e r  
T r a n s f o r m ;  G a u s s i a n  d i s t r i b u t i o n ;  i m p u l s i v e  n o i s e ;  mag- 
n e t i c  f i e l d  s t r e n g t h ;  measurement  i n ~ ~ r u m e n t a t i o n  ; 
s p e c t r a l  d e n s i t y ;  t i m e  - d e p e n d e n t  s p e c t r a l  d e n s i t y .  

I .  INTRODUCTION 

The n e e d  f o r  r e l i a b l e  communica t ion  s y s t e m s  i n  c o a l  m ines  

i s  a  l o n g - s t a n d i n g  p rob l em.  For  emergency  u s e ,  when a l l  power 

i n  a  mine i s  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  n o i s e  i s  no 

p rob l em.  However, i f  a  communica t ion  s y s t e m  were d e s i g ~ z e d  o n l y  

f o r  emergency u s e ,  it would have  two s e r i o u s  d r awbacks .  F i r s t ,  



i t  would n o t  be  r eady  f o r  immediate u s e  I n  an emergency;  secofid,  

i t  would n o t  be  of any v a l u e  d u r i n g  normal o p e r a t i o n s .  There -  

f o r e ,  t h e  Bureau of Mines dec ided  t o  d e s i g n  a  communication 

sys t em t h a t  c o u l d  b e  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 .  

Dur ing  o p e r a t i o n ,  t h e  machinery  used  i n  a  c o a l  mine 

c r e a t e s  a  wide r ange  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  m a j o r  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  of  a  communication sys t em.  

The work r e p o r t e d  h e r e  give,s  t h e  r e s u l t s  o f  t h e  f i r s t  

comprehens ive  measurements o f  t h i s ,  E M 1  i n  c r i t i c a l  communica - 

t i o n  l o c a t i o n s  such  a s  working s e c t i o n s  where mine r s  e x t r a c t  

c o a l .  

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 ;  con-  

d u c t e d  c u r r e n t ,  i ;  and v o l t a g e ,  v ,  between two c o n d u c t o r s .  We 

made some measurements o f  each  of t h e s e  p a r a m e t e r s ,  b u t  one 

p a r a m e t e r  was emphas ized ,  magne t i c  f i e l d  s t r e n g t h .  There  

a r e  s e v e r a l  r e a s o n s .  F i r s t ,  e l e c t r i c  f i e l d  s e n s o r s  a r e  n o t o -  

r i o u s l y  i n s e n s i t i v e  a t  lower f r e q u e n c i e s ,  and hence p r o b a b l y  

w i l l  n o t  be  u s e f u l  i n  any p r a c t i c a l  mine communication sys t em.  

Second,  a t  any a i r - e a r t h  i n t e r f a c e ,  on ly  t h e  magne t i c  f i e l d  

i s  e s s e n t i a l l y  u n d i s t u r b e d ,  w h i l e  t h e  e l e c t r i c  f i e l d  i s  

s e v e r e l y  r educed .  T h i r d ,  any c u r r e n t s  w i l l  induce  magne t i c  

f i e l d s ,  and hence measurement of  t h e  magne t i c  f i e l d  w i l l  



d i r e c t l y  r e f l e c t  c u r r e n t s .  F o u r t h ,  t r o l l e y - w i r e  n o i s e  v o l -  

t a g e s  a r e  p r o p a g a t e d  a s  t r a n s m i s s  i o n  l i n e  phenomena,  a r e  

d i r e c t l y  r e l a t e d  t o  t r a n s m i s s i o n  l i n e  c u r r e n t s ,  and  h e n c e  t o  

m a g n e t i c  f i e l d s  i n d u c e d .  T h u s ,  m e a s u r i n g  m a g n e t i c  f i e l d  

s t r e n g t h  g i v e s  a  r e p r e s e n t a t i v e  c o m p o s i t e  p i c t u r e  o f  n o i s e  

f rom c u r r e n t s  and  v o l t a g e s  f rom most  s o u r c e s ,  a s  w e l l  a s  

m e a s u r i n g  t h e  m a g n e t i c  f i e l d s  i n d u c e d  by  a r c i n g  e q u i p m e n t .  

A s  j u s t  m e n t i o n e d ,  m a g n e t i c  f i e l d  s t r e n g t h  measurements  

a r e  e m p h a s i z e d ,  b u t  even  t h i s  one p a r a m e t e r  i s  d i f f i c u l t  t o  

measu re  m e a n i n g f u l l y .  The I E E E  d e f i n i t i o n  [ I ]  o f  m a g n e t i c  

f i e l d  s t r e n g t h ,  H (magn i 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  u s e d  i n  t h i s  r e p o r t .  S i n c e  t h e r e  i s  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  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  m a g n e 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  

of  f r e q u e n c y ,  t i m e ,  o r i e n t a t i o n ,  and l o c a t i o n .  Smal l  v a r i a -  

t i o n s  i n  t h e s e  q u a n t i t i e s  can c a u s e  many t e n s  o f  d e c i b e l s  d i f -  

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

We u s e d  two measurement  t e c h n i q u e s .  The f i r s t  t e c h n i q u e  

c o v e r s  a  l a r g e  p o r t i o n  o f  t h e  s p e c t r u m  a s  a  " s n a p s h o t "  a t  one 

i n s t a n t  o f  t i m e .  I n  t h r e e  - d i m e n s i o n a l  f o r m ,  s e v e r a l  s u c h  "snap  - 

s h o t s "  can  show how d r a s t i c a l l y  a s i g n a l  v a r i e s  o v e r  a  p e r i o d  

o f  a  few s e c o n d s .  The s econd  t e c h n i q u e  r e c o r d s  v a r i a t i o n s  

o v e r  a  2 0  -minu t e  t ime  i n t e r v a l  a s  a  v i e w  a t  one  f r e q u e n c y .  

We u s e d  a  s e t  o f  e i g h t  d i f f e r e n t  f r e q u e n c i e s .  Both t e c h n i q u e s  

measure  t h r e e  o r t h o g o n a l  components  o f  m a g n e t i c  f i e l d  s t r e n g t h  



by u s i n g  t h r e e  sys t ems  s i m u l t a n e o u s l y  o r  by v a r y i n g  t h e  o r i e n t a -  

t i o n  o f  one s y s t e m ;  b o t h  t e c h n i q u e s  were used  i n  a s  many d i f -  

f e r e n t  l o c a t i o n s  a s  p o s s i b l e  w i t h i n  p r a c t i c a l  t ime  l i m i t a t i o n s .  

Whether t h e  n o i s e  s i g n a l  t e n d s  t o  b e  Gauss ian  o r  i m p u l s i v e  

depends on t h e  number o f  s o u r c e s  and t h e  d i s t a n c e  t o  e a c h  

s o u r c e .  

With t h e  e x c e p t i o n  of  t h e  3 - D  s p e c t r a l  p l o t s ,  a l l  measured 

n o i s e  i s  r e p o r t e d  i n  a b s o l u t e  q u a n t i t i e s  ( i n s t e a d  o f  r e l a t i v e )  

t o  a l l o w  o t h e r s  t o  make e f f e c t i v e  u s e  of t h e  d a t a .  For  t h e  

magne t i c  f i e l d  s t r e n g t h  measurements ,  t h e  NBS e l e c t r o m a g n e t i c  

f i e l d  c a l i b r a t i o n  s i t e  was used  w i t h  e a c h  comple te  measure-  

ment sys t em t o  a s s u r e  c o r r e c t  c a l i b r a t i o n .  

A f u r t h e r  c o m p l i c a t i o n  i n  making t h e s e  measurements  i s  

t h e  need  t o  have e i t h e r  p e r m i s s i b l e  equipment  o r  t o  use  

e x p l o s i o n  - p r o o f  e n c l o s u r e s  f o r  non - p e r m i s s i b l e  equipment .  

The mine envi ronment  i s  g e n e r a l l y  humid, d u s t y ,  p o o r l y  

l i g h t e d ,  and w i t h o u t  normal e l e c t r i c a l  power. We u s e d  

b a t t e r y - o p e r a t e d  i n s t r u m e n t s  f o r  a l l  o f  o u r  p o r t a b l e  measur ing  

equipment .  

There a r e  two t y p e s  o f  n o i s e  r e c o r d e d  i n  t h e  s p e c t r a l  p l o t s ,  

and hence two d i f f e r e n t  magne t i c  f i e l d  s t r e n g t h  p a r a m e t e r s  a r e  r e -  

q u i r e d ,  H and H d .  R e s u l t s  a r e  g i v e n  a s  t h e  r m s  v a l u e  o f  one com- 

ponen t  o f  magne t i c  f i e l d  s t r e n g t h ,  H ,  v e r s u s  f r e q u e n c y  f o r  d i s -  

c r e t e  f r e q u e n c i e s ,  o r  m a g n e t i c - f i e l d - s t r e n g t h  spec t rum d e n s i t y  

l e v e l ,  H d ,  [ I ]  v e r s u s  f r equency  f o r  broadband n o i s e  i n  t h e  



s p e c t r a l  p l o t s .  R e s u l t s  a r e  g i v e n  a s  t h e  rms v a l u e  of  one 

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

t h i s  v a l u e  i s  exceeded  i n  t h e  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 s  (APD1s) .  The rms v a l u e  o f  an APD i s  r e p r e s e n t a t i v e  

o f  t h e  a c t u a l  peak v a l u e  o n l y  a s  f a r  a s  t h e  measurement -  

sys t em d e t e c t o r  bandwidth  w i l l  a l l o w  t h e  d e t e c t o r  t o  f o l l o w  

t h e  t i m e  v a r i a t i o n s  o f  t h e  a c t u a l  m a g n e t i c  f i e l d .  ( I n  t h i s  

c o n t e x t ,  n o i s e  e n v e l o p e  i s  sometimes u s e d . )  The r e s u l t s  a r e  

a p p l i c a b l e  f o r  a  communication r e c e i v e r  whose bandwidth  i s  

s i m i l a r  t o  t h e  measurement - s y s  tem d e t e c t o r  bandwid th .  

Only r e p r e s e n t a t i v e  samples  o f  t h e  t o t a l  d a t a  measured  

a r e  g i v e n  i n  t h i s  r e p o r t .  Only a  l i m i t e d  s e t  of  d a t a -  

p r e s e n t a t i o n  f o r m a t s  have been  u s e d .  I f  a d d i t i o n a l  d a t a ,  

o r  d a t a  p r e s e n t a t i o n  i n  o t h e r  f o r m a t s ,  a r e  r e q u i r e d ,  p l e a s e  

c o n t a c t  any o f  t h e  a u t h o r s  a t  t h e  E l e c t r o m a g n e t i c s  D i v i s i o n  

of  t h e  N a t i o n a l  Bureau o f  S t a n d a r d s ,  and  w i t h  s p e c i f i c  p e r -  

m i s s i o n  o f  t h e  Bureau o f  Mines we w i l l  s u p p l y  t h e  a d d i t i o n a l  

i n f o r m a t  i o n .  

11. SPECTRUM MEASUREMENTS 

A .  Noise  Measurement Techn iques  

1. D e s c r i p t i o n  o f  Measurement I n s t r u m e n t a t  i o n  

F i g u r e  1 shows a  b l o c k  d i ag ram o f  t h e  p o r t a b l e  p o r t i o n  

of  t h e  s p e c t r u m  measu r ing  equ ipmen t .  Systems 2 and 3 a r e  

i d e n t i c a l  t o  System 1, s o  o n l y  one sys t em i s  d e s c r i b e d .  The 
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Figure 1 Block diagram of p c r t a b l e  i n s t r u m e n t a t i o n .  FM 
t r a c k s  a r e  used t o  r e c o r d  from 100 Hz t o  100 kHz; 
d i r e c t  t r a c k s  a r e  used from 3 kHz t o  320 kHz. 
Systems 2 and 3 a r e  i d e n t i c a l  t o  system 1. When 
t h e  d i r e c t  t r a c k s  a r e  used ,  t h e  100-kHz low pass  
f i l t e r s  a r e  e l i m i n a t e d ,  and t h e  a m p l i f i e r  band- 
width  i s  i n c r e a s e d  from 100 kHz t o  300 kHz. The 
microphone i s  used f o r  o c c a s i o n a l  voca l  comments 
by t h e  o p e r a t o r .  



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

a v a i l a b l e ,  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 ,  11 - t u r n ,  78-cm d i a m e t e r ,  

a i r - c o r e  l o o p .  A s h o r t  (40 cm) , t w i n - c e n t e r - c o n d u c t o r  c a b l e  

c o n n e c t s  t h e  a n t e n n a  t o  a  t r a n s f o r m e r  w h i c h  s t e p s  up  t h e  

impedance  o f  t h e  a n t e n n a  t o  m a t c h  more n e a r l y  t h e  i n p u t  im-  

p e d a n c e  o f  t h e  r e c e i v e r .  I n  o r d e r  t o  r e t a i n  t r a n s f o r m e r  r e s p o n s e  

t o  a b o u t  400 kHz,  a  compromise  b e t w e e n  h i g h  s t e p - u p  r a t i o  a n d  

b r o a d  b a n d w i d t h  was r e q u i r e d .  An impedance  s t e p - u p  r a t i o  o f  

1 t o  50 was c h o s e n ,  g i v i n g  a  v o l t a g e  s t e p - u p  o f  o r  1 t o  

7 . 0 7 .  S i n c e  t h e  t r a n s f o r m e r  o u t p u t  d r i v e s  a  h i g h - g a i n  r e -  

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

o f  a  1 / 4 - i n c h  t h i c k  c o p p e r  e n c l o s u r e  w i t h  a  l a y e r  o f  h i g h  

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

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

f o r m e r ,  t h i s  p o r t i o n  o f  t h e  s y s t e m  c o n t a i n s  two o t h e r  

f u n c t i o n s .  To p r e c l u d e  r e c e i v e r  s a t u r a t i o n ,  a  30-dB a t t e n u a -  

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

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

p r o v i d e d  f o r  i n j e c t i n g  a  f i e l d  c a l i b r a t i o n  s i g n a l  (1000-Hz 

s q u a r e  wave) t o  a s s u r e  t h e  s y s t e m  i s  o p e r a t i n g  p r o p e r l y  when 

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

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

A c o m m e r c i a l l y  a v a i l a b l e ,  b r o a d b a n d ,  b a t t e r y  -powered  

a m p l i f i e r  i s  u s e d  a s  a  r e c e i v e r .  The i n p u t  impedance  i s  

1 0 0  megohms i n  p a r a l l e l  w i t h  1 5  p i c o f a r a d s ,  a n d  t h e  o u t p u t  im-  



pedance i s  600 ohms. The g a i n  i s  s w i t c h  s e l e c t a b l e  from 10  t o  

10 ,000 i n  1 - 2 - 5  sequence  u s i n g  1 p e r c e n t  r e s i s t o r s .  The 

bandwidth i s  a l s o  s w i t c h  s e l e c t a b l e ,  and t h e  passband  u s u a l l y  

i s  a d j u s t e d  between 300 Hz and 100,000 Hz w i t h  a  6-dB/octave  

r o l l - o f f  o u t s i d e  t h e  p a s s  band f o r  most  r e c o r d i n g s .  For 

b road-band  r e c o r d i n g s ,  t h e  upper  bandwidth l i m i t  i s  i n c r e a s e d  

t o  300,000 Hz. 

The a m p l i f i e r  n o i s e  i s  n e g l i g i b l e  compared t o  o t h e r  

s o u r c e s  o f  sys t em n o i s e  a t  g a i n  s e t t i n g s  below 5000. The g a i n  

i s  s e l e c t e d  t o  p r o v i d e  optimum s i g n a l  l e v e l  t o  t h e  a n a l o g  t a p e  

r e c o r d e r  (1.4 v o l t s  peak)  . Ten m e t e r s  o f  w e l l  - s h i e l d e d  (RG-55) 

c o a x i a l  c a b l e  connec t  t h e  r e c e i v e r  t o  a  low-pass  f i l t e r .  A 

100-kHz, low-pass ,  T f i l t e r  i s  used  t o  g r e a t l y  a t t e n u a t e  

r e c e i v e d  s i g n a l s  a t  f r e q u e n c i e s  above t h e  100-kHz l i m i t  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 .  

Two t y p e s  o f  s i g n a l  m o n i t o r s  were used  i n  t h e  mine t o  

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

a s s u r e  t h a t  t h e  r e c e i v e d ,  b a n d l i m i t e d  s i g n a l  does  n o t  exceed  

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

A b a t t e r y - p o w e r e d  o s c i l l o s c o p e  housed 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  t h e  p r i m a r y  m o n i t o r i n g  i n s t r u m e n t .  By ob-  

s e r v i n g  t h e  o s c i l l o s c o p e ,  t h e  i n s t a n t a n e o u s ,  p e a k - t o - p e a k  

a m p l i t u d e  o f  a l l  t y p e s  o f  n o i s e  can b e  de te rmined  r e a d i l y ,  

and t h e  g a i n  o f  t h e  a m p l i f i e r  can  b e  a p p r o p r i a t e l y  a d j u s t e d .  

A l s o ,  a  b a t t e r y - p o w e r e d  a u d i o  a m p l i f i e r  d r i v i n g  a  s m a l l  

l o u d s p e a k e r  p r o v i d e s  a u d i o  m o n i t o r i n g  of n o i s e  i n  t h e  a u d i o  



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

t r a n s i e n t  n o i s e  phenomena.  Dur ing  t h e  t i m e  s p e n t  a t  a  p a r -  

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

o s c i l l o s c o p e  v i s u a l l y  a t  a l l  t i m e s .  Fo r  example ,  d u r i n g  l u n c h  

b r e a k s ,  w h i l e  c h a n g i n g  t a p e ,  and  when moving t h e  a n t e n n a ,  t h e  

a u d i o  m o n i t o r  i s  a  u s e f u l  "a larm" t o  a l e r t  t h e  o p e r a t o r  t o  

u n u s u a l ,  o t h e r w i s e  l i k e l y  u n d e t e c t e d  e v e n t s .  Once warned  o f  

t h e s e  e v e n t s ,  i t  i s  e a s i e r  t o  c a t c h  them on t a p e .  

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

o f  t h e  p o r t a b l e  equ ipment  a r e  r e c o r d e d  on t h e  p o r t a b l e ,  b a t t e r y  

powered ,  a n a l o g  t a p e  r e c o r d e r .  The f r e q u e n c y  m o d u l a t i o n  (FM) 

mode bandwid th  i s  d c  t o  100  kHz, and  t h e  d i r e c t  mode b a n d w i d t h  

i s  3 kHz t o  3 7 5  kHz. F i g u r e  1 shows t h e  a s s i g n m e n t  o f  FM and  

d i r e c t  t r a c k s  w i t h  t h e  s y s t e m s  u s e d .  Emphasis  i s  p l a c e d  on 

FM u s a g e  b e c a u s e  o f  l o w e r  r e c o r d e r  s i g n a l  d i s t o r t i o n .  The 

r e c o r d e r  we ighs  a b o u t  14 kg and  i s  e n c a s e d  i n  a  d u s t - p r o o f  

e n c l o s u r e .  T h i s  r e c o r d e r  i s  a  s p e c i a l l y  m o d i f i e d  v e r s i o n  o f  

a  c o m m e r c i a l l y  a v a i l a b l e  p o r t a b l e  t a p e  r e c o r d e r .  The f i r s t  

m o d i f i c a t i o n  i s  a  p l a c e m e n t  o f  s p a r k  - s u p p r e s s i n g  d i o d e s  a c r o s s  

a l l  r e l a y  and  mo to r  l e a d s  t o  b r i n g  t h e  r e c o r d e r  w i t h i n  t h e  

r e q u i r e m e n t s  o f  S c h e d u l e  2 G  o f  t h e  Bureau  o f  Mines [ 2 ] .  T h i s  

makes t h e  r e c o r d e r  l e g a l l y  p e r m i s s i b l e  and  a l l o w s  i t  t o  b e  

u s e d  i n  e x p l o s i v e  a t m o s p h e r e s .  A s e c o n d  m o d i f i c a t i o n  i s  a  

s p e c i a l l y  b u i l t ,  e x t e r n a l ,  p e r m i s s i b l e  b a t t e r y  box u s i n g  r e  - 

c h a r g e a b l e  s e a l e d  l e a d - a c i d  b a t t e r i e s .  The b a t t e r i e s ,  a  s o l i d -  



s t a t e  c u r r e n t  l i m i t e r ,  and a  f u s e ,  a l l  i n  s e r i e s ,  a r e  e n c l o s e d  

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  ( p e r  Schedule  2G) . A s i n g l e  

b a t t e r y  a l l o w s  abou t  f o u r  h o u r s  o f  r e c o r d i n g .  The f i n a l  modi- 

f i c a t i o n  i s  t h e  a d d i t i o n  o f  a  s e l f - c o n t a i n e d  200-kHz c r y s t a l  

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

t r a c k  4  f o r  l a t e r  u s e  d u r i n g  p layback  a s  a  r e f e r e n c e  s i g n a l  

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

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

a p p l i e d  t o  remove f l u t t e r ,  t ime  b a s e  e r r o r ,  and s i d e b a n d  

g e n e r a t i o n .  Corbin  [ 3 ]  shows a  r e d u c t i o n  i n  s i d e b a n d  g e n e r a t i o n  

of about  20 dB u s i n g  t h i s  method. 

A second  method o f  r e d u c i n g  f l u t t e r  - s i d e b a n d  g e n e r a t i o n  

w h i l e  u s i n g  FM mode i s  t o  s h o r t  t h e  i n p u t  o f  one c h a n n e l  

( channe l  7 ) .  T h i s  s i g n a l  i s  r e t a i n e d  t h r o u g h  t h e  t r a n s c r i p -  

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

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

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

m a i n t a i n e d ,  a s  i t  i s  t h e  most s i g n i f i c a n t  s o u r c e  o f  sys t em n o i s e  

and d i s t o r t i o n .  S p e c i a l l y  s p o o l e d ,  l o w - n o i s e  t a p e  w i t h  700 m 

(2300 f t )  of t a p e  on a  r e e l  i s  used  t o  i n c r e a s e  t h e  r e c o r d i n g  

t ime  from abou t  11 m i n u t e s  t o  about  14 m i n u t e s  p e r  r e e l  a t  30 

i n c h e s  p e r  second  ( i p s ,  1 i n c h  = 2.54 cm) . P r e c a u t i o n s  a r e  

t a k e n  t o  p r e v e n t  t a p e  s t r e t c h i n g  and t o  r educe  p r i n t  - t h r o u g h .  

A s  recommended by B u r n e t t ,  C o r l i s s ,  and Berendt  [4 ]  a l l  t a p e  

r e c o r d i n g s  a r e  r e t a i n e d  on t h e  t a k e - u p  r e e l .  In  a d d i t i o n  t o  



b e t t e r  t a p e  p a c k i n g  and  l e s s  p r i n t  - t h r o u g h ,  l e a v i n g  t h e  t a p e  

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

r e w i n d i n g  w h i l e  on s i t e  i n  t h e  mine .  

The p o r t a b l e  equ ipmen t  h a s  a  t o t a l  w e i g h t  o f  a b o u t  40 kg .  

Removal o f  t h e  p e r m i s s i b i l i t y  r e q u i r e m e n t  would r e d u c e  t h e  

w e i g h t  by  a p p r o x i m a t e l y  o n e - t h i r d .  

2 .  D e s c r i p t i o n  o f  P r o c e s s i n g  I n s t r u m e n t a t  i o n  

a .  L a b o r a t o r y  T r a n s c r i p t i o n  P r o c e s s  

A f t e r  t h e  mine v i s i t ,  t h e  newly  r e c o r d e d  t a p e s  a r e  r e -  

v iewed  i n  t h e  l a b o r a t o r y  a t  t h e  r e c o r d  s p e e d  o f  30 i p s  t o  n o t e  

any p e r t i n e n t  r e c o r d e d  v o c a l  comments and  t o  s e l e c t  t h e  d a t a  

t o  be  p r o c e s s e d .  

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

t h e  r e c o r d  s p e e d  (15 i p s ) .  T h i s  i s  t h e  i n i t i a l  s t e p  o f  f r e -  

quency  r a n g e  r e d u c t  i o n  p e r f o r m e d  t o  r e d u c e  t h e  d a t a  b a n d w i d t h  

u l t i m a t e l y  t o  t h e  r e q u i r e m e n t  o f  5 kHz imposed by  t h e  d i g i -  

t i z e r .  I n  t h i s  p r o c e s s ,  a l l  o f  t h e  o r i g i n a l  i n f o r m a t i o n ,  i n -  

c l u d i n g  h i g h  f r e q u e n c i e s ,  i s  c o n s e r v e d .  The d i f f e r e n c e  now 

i s  t h a t  a  d a t a  s i g n a l  a t  100  kHz l a s t i n g ,  s a y ,  1 s e c o n d ,  comes 

o u t  a t  50 kHz and l a s t s  2 s e c o n d s .  

F i g u r e  2 shows t h e  b l o c k  d i a g r a m  o f  t h e  l a b o r a t o r y  t r a n -  

s c r i p t i o n  p r o c e s s .  Only t r a c k s  2 and 4 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  a r e  i n s t r u m e n t e d  t o  p r o c e s s  d i r e c t  mode r e c o r d i n g s .  

I f  b o t h  t r a c k s  2 and 6 on t h e  p o r t a b l e  r e c o r d e r  c o n t a i n  d i r e c t  
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d a t a ,  t h e n  two r u n s  a r e  made. Note  t h a t  t h e  c r y s t a l  o s c i l l a t o r  

r e f e r e n c e  s i g n a l  ( t r a c k  4  on t h e  p o r t a b l e  r e c o r d e r )  i s  now 100 

kHz. O p e r a t i n g  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  a t  60 i p s  and  r e -  

c o r d i n g  a  s e r v o  f r e q u e n c y  o f  100 kHz m e e t s  t h e  I n t e r - R a n g e  

I n s t r w n e n t a t  i o n  Group (IRIG) s t a n d a r d  ( a c c o r d i n g  t o  t h e  manu- 

f a c t u r e r )  f o r  which t h e  m a n u f a c t u r e r  c o n f i g u r e d  t h e  l a b o r a t o r y  

r e c o r d e r .  A s  w i t h  t h e  p o r t a b l e  r e c o r d e r ,  m a n u f a c t u r e r  - r ecom-  

mended l o w - n o i s e  t a p e ,  t a p e  s t o r a g e  on t a k e  up r e e l s ,  and  o t h e r  

p r e c a u t i o n s  a r e  t a k e n  w i t h  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 .  

b .  L a b o r a t o r y  D i g i t i z i n g  P r o c e s s  

The l a b o r a t o r y  d i g i t i z i n g  o f  d a t a  i s  shown i n  F i g u r e  3 .  

The d e s i r e d  f r e q u e n c y  r a n g e  o f  s p e c t r a l  d i s p l a y  must  b e  c o n -  

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

s p e e d  v e r s u s  a l i a s i n g ,  p r e d i g i t i z e r  f i l t e r  c u t  - o f f  f r e q u e n c y  

s e l e c t i o n ,  d i g i t i z e r  r a t e ,  e t c . ,  w i l l  n o t  b e  d i s c u s s e d  h e r e .  

I n  g e n e r a l ,  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  run  a t  1 - 7 / 8  i p s  

f o r  an u p p e r  f r e q u e n c y  d i s p l a y  l i m i t  o f  320 kHz ( d i r e c t  mode ) ,  

and 3 - 3 / 4  i p s  f o r  100 kHz and  3 kHz (FM mode ) .  The most  f r e -  

q u e n t l y  u s e d  a n a l y s i s  u s e s  a  r e c o r d e r  p l a y b a c k  s p e e d  o f  3 - 3 / 4  

i p s  f o r  a  f r e q u e n c y  d i s p l a y  l i m i t  o f  100 kHz. Dur ing  t h i s  

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

t h e  m o t o r )  i s  c o n t r o l l e d  by  t h e  c r y s t a l  o s c i l l a t o r  s i g n a l  

o r i g i n a l l y  r e c o r d e d  a t  2 0 0  kHz i n  t h e  f i e l d .  Most o f  t h e  



accumula ted  f l u t t e r ,  wow, t i m e  b a s e  e r r o r ,  and s i d e b a n d  

g e n e r a t i o n  i s  e l i m i n a t e d .  A l s o ,  t h e  d a t a  a r e  r e d u c e d  t o  t h e  

5-kHz f r e q u e n c y  range  imposed by t h e  16 ,000-sample -pe r - second  

maximum sample r a t e  o f  t h e  d i g i t i z e r .  

c .  S p e c t r a l  Computat ion and G r a p h i c a l  Output  

A 1 2 - b i t  c o n v e r s i o n  sys t em d i g i t i z e s  t h e  d a t a  and r e c o r d s  

t h e  c o n v e r t e d  d a t a  on to  d i g i t a l  m a g n e t i c  t a p e  f o r  subsequen t  

computer  p r o c e s s i n g .  A s t u d y  u s i n g  6 - ,  8 - ,  l o - ,  and 1 2 - b i t  

d a t a  de te rmined  t h e  number of b i t s  r e q u i r e d .  The s t u d y  i n d i -  

c a t e d  t h a t  a t  l e a s t  10  b i t s ,  and u s u a l l y  1 2  b i t s ,  a r e  r e q u i r e d  

t o  p r o v i d e  enough dynamic r ange  s a t i s f a c t o r i l y ,  e s p e c i a l l y  f o r  

t h e  na r row range  (75 0  Hz) a n a l y s i s .  

A s  o u t l i n e d  i n  f i g u r e  4 ,  a  l a r g e  d i g i t a l  computer  i s  u s e d  

t o  compute t h e  s p e c t r a  and t o  p r i n t  t h e  r e s u l t s  on an i n t e g r a l  

h i g h - s p e e d  ca thode  - r a y  t u b e  m i c r o f i l m  p l o t t e r .  The i n d i v i d u a l  

m i c r o f i l m  f rames  a r e  s u b s e q u e n t l y  j o i n e d  t o  g i v e  t h e  s p e c t r a  

found i n  t h i s  r e p o r t .  

d .  D e s c r i p t i o n  of  P r o c e s s i n g  Sof tware  

S e v e r a l  programs a r e  used  i n  t h e  p r o c e s s i n g  o f  t h e  d i g i t -  

i z e d  d a t a .  They a r e  l i s t e d  h e r e  f o r  r e f e r e n c e  p u r p o s e s  o n l y  

w i t h o u t  f u r t h e r  e l a b o r a t i o n :  PSPECSET, PSPECZRO, PSPECINP, 

PSPECEST, PSPECOUT, PSPECCAP, SPEAKS, FILMGRAF, and DDGRAPH. 

These ,  and s e v e r a l  o t h e r  s u b r o u t i n e s ,  were developed p r i m a r i l y  
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by L . D .  Lewis of  t h e  Space Environment L a b o r a t o r y  o f  t h e  

N a t i o n a l  Oceanic  and Atmospheric  A d m i n i s t r a t i o n ,  Bou lde r ,  

Colorado 80302. 

A c a l l i n g  program i d e n t i f i e d  a s  ELF was w r i t t e n  t o  u s e  

and a d a p t  t h e  s o f t w a r e  l i s t e d  above t o  t h e  needs  o f  t h i s  

p r o j e c t .  I t  a l s o  s e r v e s  t o  a d a p t  t h e  o u t p u t  from t h e  a n a l o g -  

t o - d i g i t a l  c o n v e r t e r  t o  a  compute r -usab le  f o r m a t .  

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  i n  any 

d e t a i l  t h e  t h e o r y  o f  t h e  F a s t  F o u r i e r  Transform (FFT) o r  t h e  

i n t e r n a l  o r g a n i z a t i o n  o f  t h e  s o f t w a r e .  The program package 

i s  based  on a  p a p e r  by Welch [ 5 ]  , and more i n f o r m a t i o n  i s  

a v a i l a b l e  i n  h i s  p a p e r  and r e f e r e n c e s .  

A summary o f  t h e  p r o c e s s i n g  p a r a m e t e r s  f o r  t h e  most f r e -  

q u e n t l y  used  bandwidth d i s p l a y  (100 kHz) f o l l o w s :  

1. Each p r i n t e d  spec t rum ( o t h e r  t h a n  3-D) i s  an a v e r a g e  

o f  twen ty  s p e c t r a .  

1 2  2 .  The ensemble l e n g t h  i s  2 , i . e . ,  4096,  1 2 - b i t  

words .  T h i s  i s  e q u a l  t o  0.008 seconds  o f  r e a l  t i m e .  

For  t h e  50 p e r c e n t  d a t a  o v e r l a p  f a c t o r  u s e d ,  ( i . e . ,  

t h e  f i r s t  spec t rum used  samples  number 1 t h r o u g h  

4096,  t h e  second used  2048 t h r o u g h  6144,  e t c . )  e a c h  

ave rage  o f  20 s p e c t r a  r e p r e s e n t s  0 .08 seconds  o f  

r e a l  t i m e .  

3 .  S p e c t r a l  r e s o l u t i o n  i s  125 H z  over  t h e  100,000 Hz 

f r e q u e n c y  r a n g e .  



4 .  C o s t  o f  compu te r  t i m e  p e r  s p e c t r u m  i s  a b o u t  $ 0 . 1 5 .  

The c o s t  o f  a  p l o t  o f  20 a v e r a g e d  s p e c t r a  i s  

t h e r e f o r e  a b o u t  $ 3 . 0 0 .  The 3-D p l o t s  u s e  d i f f e r e n t  

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

and  c o s t  a b o u t  $25 .00  e a c h  f o r  compu te r  t i m e .  

An i m p o r t a n t  improvement a c h i e v e d  i n  o u r  s o f t w a r e  i s  t h e  

v i r t u a l  e l i m i n a t i o n  o f  an i n h e r e n t  p o t e n t i a l  3-dB e r r o r  i n  t h e  

r e p o r t e d  a m p l i t u d e  o f  cw s i g n a l s .  T h i s  e r r o r  a r i s e s  f rom t h e  

u n c e r t a i n t y  o f  t h e  f r e q u e n c y  o f  a  cw s i g n a l ,  and t h e r e f o r e  o f  

i t s  l o c a t i o n  w i t h i n  any  s i n g l e  125-Hz s p e c t r a l  r e s o l u t i o n  

a n a l y s i s  b a n d w i d t h .  F o r  example ,  i f  t h e  c w  s i g n a l  f a l l s  on t h e  

d i v i d i n g  l i n e  be tween  125 -Hz s p e c t r a l  r e s o l u t i o n  " c e l l s " ,  i t s  

power would b e  r e p o r t e d  t o  b e  3 dB ( 1 / 2  power)  below t h a t  r e -  

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

t h a t  t h e  a r e a  (power)  u n d e r  a  s p e c t r a l  d e n s i t y  c u r v e  r e p r e s e n t  - 

i n g  a  cw s i g n a l  i s  c o n s t a n t  ( P a r s i v a l  ' s  Theorem) , a  c o r r e c t i o n  

t o  t h e  h e i g h t  o f  cw s i g n a l s  i s  a p p l i e d .  T h i s  c o r r e c t i o n  h a s  

b e e n  d e m o n s t r a t e d  t o  g i v e  a  r e d u c t i o n  o f  t h e  3-dB maximum 

e r r o r  t o  l e s s  t h a n  0 . 0 5  dB. We have  named t h i s  p rog ram "Peak 

F i n d e r " .  

The p r o c e s s i n g  s o f t w a r e  a l s o  i n c l u d e s  a  computer  r o u t i n e  

t h a t  makes t h e  s y s t e m  p r e s e n t  a  u n i f o r m  f r e q u e n c y  r e s p o n s e  

o v e r  t h e  bandwid th  o f  i n t e r e s t .  T h i s  s o f t w a r e ,  a  t y p e  

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

c a l i b r a t i o n .  



3 .  System - E v a l u a t i o n  

I n  o r d e r  t o  p r o v i d e  p r o c e s s e d  d a t a  r e f e r e n c e a b l e  t o  a b -  

s o l u t e  f i e l d - s t r e n g t h  s t a n d a r d s ,  it was n e c e s s a r y  t o  measure 

t h e  o v e r a l l  sys t em r e s p o n s e  and e s t a b l i s h  t h a t  c e r t a i n  e r r o r  

s o u r c e s  were a c c e p t a b l y  s m a l l .  The sys tem p a r a m e t e r s  measured 

i n c l u d e d :  r e c e i v e r  g a i n  l i n e a r i t y ,  dynamic r a n g e ,  sys tem g a i n  

d r i f t ,  f r e q u e n c y  a c c u r a c y ,  and harmonic and i n t e r m o d u l a t  ion  

d i s t o r t i o n .  

The s w i t c h a b l e  g a i n  s e t t i n g s  ( p r o v i d i n g  an a m p l i f i e r  g a i n  

o f  1 0  t o  10 ,000)  on t h e  t h r e e  r e c e i v i n g  a m p l i f i e r s  were checked 

a t  450 Hz and 40 kHz. A l l  a m p l i f i e r  s w i t c h  s e t t i n g s  a r e  

l i n e a r  i n  g a i n  w i t h i n  0.1 dB w i t h  one e x c e p t i o n .  System 

number 1 (used  m o s t l y  f o r  v e r t i c a l  an tenna  s e n s i t i v e  a x i s  

measurements)  g a i n  i s  0.8 dB low a t  a  g a i n  s e t t i n g  o f  10 ,000 

u s i n g  t h e  t e s t  f r equency  o f  40 kHz. 

I n s t a n t a n e o u s  dynamic range  was measured by i n j e c t i n g  a  

s i n e  wave a t  t h e  h i g h e s t  ampl i tude  t h e  r e c o r d e r  can  t o l e r a t e  

( 1  Vrms) and t h e n  r e d u c i n g  t h e  ampl i tude  w i t h  a  s t e p  a t t e n u a t o r  

u n t i l  t h e  s i g n a l  d i s a p p e a r e d  i n t o  t h e  sys t em n o i s e .  I n s t a n -  

t a n e o u s  dynamic r ange  f o r  t h e  1 - t o - 1 0 0  kHz s p e c t r a  (FM r e -  

c o r d i n g  t e c h n i q u e )  i s  62 dB u s i n g  a  t e s t  s i g n a l  f r e q u e n c y  o f  

40 kHz. Higher  i n s t a n t a n e o u s  dynamic r a n g e s  a r e  a v a i l a b l e  f o r  

lower  bandwidth s p e c t r a ,  e . g . ,  about  90 dB f o r  750 Hz s p e c t r a .  

The above i n s t a n t a n e o u s  dynamic r ange  t e s t s  were made w i t h  

a  r e c e i v e r  g a i n  o f  100 .  With a  r e c e i v e r  g a i n  o f  1 0 , 0 0 0 ,  s i g n a l s  



30 dB l o w e r  can  be  measu red .  H i g h e r  a m p l i t u d e  s i g n a l s  c an  b e  

measu red  by r e d u c i n g  t h e  r e c e i v e r  g a i n  t o  1 0 ,  and v e r y  h i g h  

a m p l i t u d e  s i g n a l s  c an  b e  measured  by s w i t c h i n g  i n  t h e  3 0  dB 

a t t e n u a t o r  i n  t h e  a n t e n n a  t r a n s f o r m e r  and b a l u n  n e t w o r k .  The 

t o t a l  o f  t h e  i n s t a n t a n e o u s  dynamic r a n g e  and  s w i t c h a b l e  g a i n  

i s  t h e r e f o r e  170 dB (90  + 30 + 20 + 3 0 ) .  T h i s  i s  t h e  r a n g e  

of s i g n a l  a m p l i t u d e  t h a t  can  b e  measu red  w i t h  t h i s  s y s t e m  f o r  

s p e c t r a  w i t h  a  750 Hz b a n d w i d t h .  

The s y s t e m  g a i n  s t a b i l i t y  was measured  by  c a l i b r a t i n g  

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

t i m e s  o v e r  a  s i x - m o n t h  p e r i o d .  Us ing  20 comparab l e  m e a s u r e -  

men t s  ( i . e . ,  t h e  same s y s t e m  w i t h  t h e  same g a i n ,  a t  t h e  same 

f r e q u e n c y )  made two months  a p a r t ,  t h e  mean s y s t e m  g a i n  i n -  

c r e a s e d  0 .56  dB w i t h  a  s t a n d a r d  d e v i a t i o n  o f  0 . 2 5  dB. U s i n g  

a n o t h e r  s e t  o f  30 comparab le  measurements  made f o u r  months  

a p a r t  ( n o t  o v e r l a p p i n g  t h e  above two-month p e r i o d ) ,  t h e  mean 

s y s t e m  g a i n  i n c r e a s e d  0 . 4 4  dB w i t h  a  s t a n d a r d  d e v i a t i o n  o f  

0 . 2 1  dB. The h i g h e s t  s i n g l e  g a i n  i n c r e a s e  was 1 . 3 7  dB f o r  

s y s t e m  2  o v e r  t h e  two-month i n t e r v a l  a t  100 kHz .  T h i s  o c c u r e d  

a t  t h e  h i g h e s t  f r e q u e n c y  i n  a  p a r t i c u l a r  b a n d ,  and  was due 

l a r g e l y  t o  v a r i a t i o n s  o f  f i l t e r  c h a r a c t e r i s t i c s  which a r e  

dominan t  a t  t h e  h i g h  end  o f  t h e  p a s s  band .  

The f r e q u e n c y  a c c u r a c y  was measu red  by  r e a d i n g  t h e  f r e -  

quency  o f  WWVB ( 6 0 , 0 0 0  Hz) a s  r e p o r t e d  on t h e  " p e a k - f i n d e r "  

p rog ram compu te r  p r i n t o u t .  ( " P e a k - f i n d e r "  i s  t h e  p rogram 

t h a t  c o r r e c t s  f o r  t h e  minus 3 dB u n c e r t a i n t y  m e n t i o n e d  i n  an 



e a r l i e r  p a r a g r a p h ,  and a l s o  d e t e r m i n e s  f r equency)  . The 

a v e r a g e  f r e q u e n c y  from 110 measurements  made o v e r  a s ix -month  

p e r i o d  was 59 ,986.9  H z  (0 .022% low) w i t h  a  s t a n d a r d  d e v i a t i o n  

o f  4 . 3  Hz (0 .0072%) .  (The f r equency  o f f s e t  i s  p r o b a b l y  due 

t o  o f f s e t s  i n  t h e  c r y s t a l  o s c i l l a t o r s  i n  t h e  t a p e  r e c o r d e r s  

o r  a t  t h e  d i g i t i z e r . )  Thus, a f t e r  add ing  a  0.022% c o r r e c t i o n ,  

f r e q u e n c i e s  can b e  measured w i t h  a  s t a n d a r d  d e v i a t i o n  o f  

0.0072% ( a t  l e a s t  a t  60 kHz).  

Harmonic d i s t o r t i o n  was measured by i n j e c t i n g  a  40 kHz 

s inewave .  For  an i n p u t  l e v e l  10 dB below t h e  f u l l - r a t e d  i n -  

p u t  of t h e  t a p e  r e c o r d e r  ( 1  Vrms), t h e  second harmonic i s  

down 44 dB. For an i n p u t  of  1 V r m s ,  t h e  second harmonic  i s  

down 35 dB. 

I n t e r m o d u l a t i o n  d i s t o r t i o n  on t h e  1 - t o - 1 0 0  kHz spec t rum 

was measured by i n j e c t i n g  s i m u l t a n e o u s l y  two s i n e  waves o f  

e q u a l  a m p l i t u d e  a t  f r e q u e n c i e s  o f  45 kHz and 55 kHz. The sum 

and d i f f e r e n c e  f r e q u e n c i e s  a r e  down 49 and 46 dB r e s p e c t i v e l y .  

System bandwidths  and d i g i t i z e r  r a t e s  were chosen  t o  

a t t e n u a t e  a l i a s e d  s i g n a l s  by 60 dB o r  more. A t e s t  5685 Hz 

s q u a r e  wave was i n j e c t e d  t o  t e s t  f o r  a l i a s i n g .  No e v i d e n c e  

o f  a l i a s i n g  was found ,  on t h i s  t e s t ,  n o r  d u r i n g  t h e  c o u r s e  of  

o u r  measurements .  

The most s i g n i f i c a n t  s o u r c e  o f  e r r o r  found t o  d a t e  i s  

t h e  i n a c c u r a c y  of  t h e  ma themat i ca l  f i t  o f  t h e  sys tem g a i n  c o r -  

r e c t i o n  t o  t h e  known sys tem r e s p o n s e .  For t h e  chosen  l e v e l  



o f  e f f o r t  expended  on f i t t i n g  f u n c t i o n s ,  t h e  l a r g e s t  e r r o r  

p r o d u c e d  by i n a c c u r a t e  f i t  i s  e s t i m a t e d  t o  b e  1 . 0  dB. 

Much o f  t h e  s p e c t r a  above 1 0  kHz i n  Robena i s  o f  s u c h  l o w  

n o i s e  l e v e l  a s  t o  be o b s c u r e d  by s y s t e m  n o i s e .  Subsequen t  

equ ipment  m o d i f i c a t i o n s  have  a l l o w e d  s e l e c t e d  c h a n n e l s  t o  

a t t e n u a t e  f r e q u e n c i e s  be low  1 0  kHz s o  t h a t  t h e  6 2  dB dynamic 

r a n g e  o f  t h e  wideband  ( 1  kHz t o  100  kHz) s y s t e m  can  b e  u s e d  

more e f f e c t i v e l y .  With  s t r o n g  n o i s e  components  be low  1 0  kHz 

a t t e n u a t e d ,  h i g h e r  s y s t e m  g a i n  (and t h e r e f o r e  l o w e r  s y s t e m  

n o i s e  a s  r e f e r r e d  t o  t h e  f r o n t  e n d )  can  be  a c h i e v e d .  

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

f o r  r e d u c e d  bandwid th  r e c o r d i n g s  ( e  . g . ,  100  Hz t o  1 0  kHz) . An- 

t e n n a  t r a n s f o r m e r  ( b a l u n )  d e s i g n  d i c t a t e s  a  t r a d e  o f f  be tween  

s t e p - u p  r a t i o  and bandwid th .  The t r a n s f o r m e r  w i t h  l ower  s t e p -  

up r a t i o  b u t  w i d e r  bandwid ths  was s e l e c t e d  f o r  u s e  i n  Robena.  

F u r t h e r  r e d u c t i o n  o f  t h e  s y s t e m  n o i s e  would be  p o s s i b l e  

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

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

I t  s h o u l d  b e  e m p h a s i z e d ,  however ,  t h a t  t h e  n o i s e  l e v e l  o f  

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

p r e s e n t e d  s h o u l d  be  s a t i s f a c t o r y  f o r  many o r  mos t  s y s t e m  d e -  

s i g n  s t u d i e s .  I n  c a s e s  where  t h e  measu red  n o i s e  was e q u a l  t o  

o r  be low  t h e  s y s t e m  n o i s e ,  t h e  s y s t e m  n o i s e  f l o o r  e s t a b l i s h e d  

an u p p e r  l i m i t  which  t h e  mine n o i s e  d i d  n o t  e x c e e d .  



4 .  System C a l i b r a t i o n  

The l o o p  a n t e n n a  c a l i b r a t i o n  i s  per formed by a p p l y i n g  a  

known magne t i c  f i e l d  t o  t h e  r e c e i v i n g  loop  a n t e n n a  a t  t h e  

N a t i o n a l  Bureau of  S t a n d a r d s  (NBS) loop  c a l i b r a t i o n  f a c i l i t y  

l o c a t e d  i n  B o u l d e r ,  Co lo rado .  The f i e l d  g e n e r a t e d  a t  t h i s  

f a c i l i t y  h a s  a  r e p o r t e d  u n c e r t a i n t y  o f  t 3 p e r c e n t  (+ 0.26 

dB) [ 6 ]  ove r  t h e  f r e q u e n c y  r a n g e s  u s e d .  

S t r i c t l y  s p e a k i n g ,  t h e  c a l i b r a t i o n  i s  dependent  on t h e  

s u r r o u n d i n g s ,  b u t  t h e  dependence i s  s l i g h t ,  s i n c e  t h e  l o o p  i s  

sma l l  compared t o  a  wave leng th  i n  a l l  t h e  n e a r b y  media.  The 

h i g h e s t  f r e q u e n c y  measured i s  t h e  f o u r t h  harmonic o f  8 8  kHz, 

i . e . ,  352 kHz, w i t h  a  wavelength  o f  852  m e t e r s .  From F a r a d a y l s  

l a w ,  t h e  l o o p  measures  t h e  t ime d e r i v a t i v e  o f  t h e  component 

o f  magne t i c  i n d u c t i o n  B normal t o  t h e  p l a n e  o f  t h e  l o o p ,  

i n t e g r a t e d  o v e r  t h e  a r e a  o f  t h e  l o o p .  The ma themat i ca l  d e f i -  

n i t i o n  o f  H ,  and a  more comprehensive d e s c r i p t i o n  o f  t h e  c a l i -  

b r a t i o n  s i t e  a r e  g i v e n  on page 9 4 .  

The a n t e n n a  i s  n o t  c a l i b r a t e d  a s  an independen t  com- 

p o n e n t ;  a l l  i n s t r u m e n t a t i o n  i s  c a l i b r a t e d  a s  a  sys t em by 

u s i n g  t h e  r educed  d a t a  from t h e  m i c r o f i l m  p l o t t e r  a s  t h e  o u t -  

p u t  i n d i c a t o r .  Thus,  t h e  sys tem pe r fo rmance ,  i n c l u d i n g  t h a t  

o f  t h e  s o f t w a r e ,  i s  measured.  The r e s u l t i n g  g a i n  c o r r e c t i o n s  

a r e  a p p l i e d  d i r e c t l y  t o  t h e  raw s p e c t r a  t o  produce  s p e c t r a  

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

The c u r r e n t  probe  used  i n  making t h e  measurements i s  

c a l i b r a t e d  by c lamping it a round  a  w i r e  c a r r y i n g  a  known 



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

t h e  w i r e  w i t h  known c u r r e n t .  T h e r e f o r e ,  t h e  u n c e r t a i n t y  o f  

k 3 p e r c e n t  ( 0 . 2 6  dB) r e p o r t e d  f o r  t h e  f i e l d  [ 6 ]  a l s o  a p p l i e s  

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

a n t e n n a ,  t h e  e n t i r e  s y s t e m  i s  c a l i b r a t e d  by  u s i n g  t h e  m i c r o -  

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

The v o l t a g e  p r o b e  u s e d  i n  making t h e  measu remen t s  i s  

c a l i b r a t e d  by i n j e c t i n g  a  known s i n u s o i d  i n t o  t h e  p r o b e ,  

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

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

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

m e t e r .  The v o l t m e t e r  a c c u r a c y  i s  a d v e r t i s e d  t o  be  + 1 p e r c e n t  

( 0 . 0 8 6  dB) o f  f u l l  s c a l e .  The rms v o l t m e t e r  was c h e c k e d  on a  

commerc ia l  l a b o r a t o r y  v o l t m e t e r  c a l i b r a t o r  ( w i t h  an a d v e r t i s e d  

a c c u r a c y  o f  k 0 . 2  p e r c e n t )  and  f o u n d  t o  b e  w i t h i n  s p e c i f i c a t i o n s .  

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

f i e l d  u n c e r t a i n t i e s  a n d  s y s t e m  i n s t a b i l i t i e s .  Each h a s  been  

d i s c u s s e d ,  and  t h e  u s e r  may combine t h e  u n c e r t a i n t i e s  a s  h e  

deems b e s t .  A t o t a l  u n c e r t a i n t y  o f  t 1 dB i s  f e l t  t o  b e  c o n -  

s e r v a t i v e  i n  mos t  c a s e s .  

B .  No i s e  Measurement R e s u l t s  : S p e c t r a  

1. Mine D e s c r i p t i o n  a n d  An tenna  S i t e s  

Measurements  were  made i n  t h e  Robena No. 4 c o a l  mine 

l o c a t e d  n e a r  Waynesburg , i n  s o u t h w e s t e r n  P e n n s y l v a n i a .  F i g u r e  

5 shows a  map o f  w o r k i n g  s e c t i o n  3 - m a i n ,  1 0 - r i g h t ,  2 - room n e a r  
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B l a k e r  S h a f t  where  t h e  m a j o r i t y  o f  measu remen t s  were  made on 

December 5 and 7 ,  1 9 7 2 .  The o v e r b u r d e n  i n  t h i s  a r e a  v a r i e s  

be tween  200 and  300 m e t e r s .  The e n t i r e  m i n e ,  i n c l u d i n g  a l l  

m a c h i n e r y ,  i s  powered by  600 v o l t s  d c .  A c o m b i n a t i o n  o f  i g n i -  

t r o n  r e c t i f i e r s  and r o t a r y  c o n v e r t e r s  i s  u s e d .  A l l  c o n v e r s i o n  

f rom a c  t o  d c  i s  done on t h e  s u r f a c e  w i t h  t h e  r e s u l t  t h a t  no 

a c  power  i s  b r o u g h t  i n t o  t h i s  m i n e .  

2 .  E l e c t r o m a g n e t i c  N o i s e  Spec t rum R e s u l t s  

a .  I n t r o d u c t i o n  

When r e a d i n g  v a l u e s  f rom t h e  100-kHz s p e c t r a  i n  t h i s  

r e p o r t ,  k eep  t h e  f o l l o w i n g  p o i n t s  i n  m ind :  

1. Note  t h e  r o l l - o f f  f r e q u e n c i e s .  V a l u e s  above 100  kHz 

and  be low  1 kHz a r e  n o t  c a l i b r a t e d .  Because  o f  t h i s ,  do 

n o t  a t t e m p t  t o  r e a d  v a l u e s  above  1 0 0  kHz o r  be low  1 kHz. 

2 .  The c o r r e c t  u n i t s  f o r  t h e  s p e c t r a l  p e a k s  a r e  m i c r o -  

amperes  p e r  m e t e r  (pA/m) , s i n c e  t h e y  a r e  n a r r o w e r  t h a n  

t h e  s p e c t r a l  r e s o l u t i o n  o f  t h e  p l o t s .  

3 .  The b r o a d - b a n d  n o i s e  be tween  s p e c t r a l  p e a k s  i s  a s  

s e e n  by a  r e c e i v e r  h a v i n g  t h e  same b a n d w i d t h  a s  t h e  F a s t  

F o u r i e r  T r a n s f o r m  (FFT) s p e c t r a l  r e s o l u t i o n  b a n d w i d t h  

u s e d  t o  compute t h e  s p e c t r u m  (125 Hz f o r  1 - t o - 1 0 0 - k H z  

g r a p h s ) .  The c o r r e c t  u n i t s  f o r  t h e  backg round  n o i s e  

be tween  p e a k s  a r e  m i c r o a m p e r e s  p e r  me te r  p e r  s q u a r e  r o o t  x  

h e r t z  [ ( p A / m ) / m ] ,  where  x  i s  t h e  s p e c t r a l  r e s o l u t i o n  

o f  t h e  FFT (x  e q u a l s  1 2 5  Hz f o r  t h e  1 - t o - 1 0 0 - k H z  g r a p h s ) .  

2 5  



An e a s y  way t o  o b t a i n  t h e  s p e c t r a l  d e n s i t y  p e r  (one)  r o o t  

h e r t z  when r e a d i n g  broad-band n o i s e  i s  t o  s u b t r a c t  t h e  r e q u i r e d  

number of dB, remembering t h a t  t h e  u n i t s  have now changed 

t o  ( y A / m ) / a .  F o r  s p e c t r a  w i t h  a  r e s o l u t i o n  bandwidth  of 

125 H z ,  s u b t r a c t  20.97 dB, f o r  62 .5  H z  s u b t r a c t  17.96 dB, and 

f o r  7 .81  Hz s u b t r a c t  8 .93  dB. 

The Appendix g i v e s  t h e  code key u s e d  i n  d e t e r m i n i n g  t h e  

meaning o f  t h e  numbers i n  t h e  b l o c k  a t  t h e  t o p  o f  each  spec t rum.  

The r e s o l u t i o n  bandwidth  i s  g i v e n  on t h e  o r d i n a t e  of t h e  p l o t s .  

b .  Working Face Area 

F i g u r e  6 ,  upper  c u r v e ,  shows t h e  magnet ic  f i e l d  n o i s e  

spec t rum r e c e i v e d  a t  t h e  a n t e n n a  l o c a t i o n  i d e n t i f i e d  a s  1 ( i n  

f i g u r e  5 ) .  The lower  curve  i n  t h i s ,  and i n  f o l l o w i n g  s p e c t r a ,  

i s  t h e  r e c e i v i n g  sys t em n o i s e .  I t  i s  i n c l u d e d  t o  i n d i c a t e  f r e -  

quency r a n g e s  i n  which sys t em n o i s e  may p r e d o m i n a t e .  The lower  

c u r v e  i s  o b t a i n e d  by  r e p l a c i n g  t h e  an tenna  w i t h  a  dummy a n t e n n a .  

I n  f i g u r e  6 ,  mine n o i s e  i s  h i g h e r  t h a n  sys t em n o i s e  a t  a l l  f r e -  

q u e n c i e s .  Note t h a t  t h e  sys t em n o i s e  v a r i e s  w i t h  g a i n  when i t  

i s  e x p r e s s e d  a s  e q u i v a l e n t  i n p u t  n o i s e .  The a n t e n n a  l o o p  was 

p l a c e d  f l a t  on t h e  ground ( t h e  s e n s i t i v e  a x i s  f o r  n e a r  f i e l d s  

was t h e r e f o r e  p o i n t e d  up-down, i . e . ,  v e r t i c a l l y ) .  The a n t e n n a  

p o s i t i o n  was a p p r o x i m a t e l y  1 0  m e t e r s  beh ind  t h e  back end o f  t h e  

advanc ing  c o n t i n u o u s  mining machine ( c o n t i n u o u s  m i n e r ) .  One o f  

t h e  two s h u t t l e  c a r s  was p o s i t i o n e d  immedia te ly  beh ind  t h e  miner  
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and was r e c e i v i n g  c o a l .  The mine r  power and w a t e r  c a b l e s  were 

on t h e  f l o o r  about  2 m e t e r s  away from t h e  a n t e n n a .  P robab ly  a  

l a r g e  m a j o r i t y  o f  t h e  ene rgy  r e c e i v e d  by  t h e  an tenna  was 

r a d i a t e d  by  t h e  power c a b l e .  The h i g h e s t  s p e c t r a l  peaks  o f  

f i e l d  s t r e n g t h ,  48 dB p A / m ,  45 dB p A / m ,  and 46 dB pA/m,  e t c . ,  

a t  f r e q u e n c i e s  o f  1 .67 kHz, 3 .33  kHz, 5 kHz, r e s p e c t i v e l y ,  

e t c .  , were due t o  r o t a t i n g  e l e c t r i c  mach ine ry .  These  p e a k s  

were s l o w l y  s h i f t i n g  upward i n  f r e q u e n c y  a s  w i l l  b e  shown l a t e r  

i n  3-D p l o t s .  The peaks  were caused  by an e l e c t r i c a l  c i r c u i t  

b e i n g  c l o s e d  and opened 1.67 thousand t i m e s  p e r  s e c o n d ,  p r o -  

d u c i n g  t h a t  number o f  s m a l l  impu l ses  p e r  second.  Commutator 

b a r s  r o t a t i n g  under  a  b r u s h  on a  d c  motor  were t h e  p r o b a b l e  

s o u r c e .  

F i g u r e s  7 and 8 ,  upper  c u r v e s ,  show n o i s e  s i g n a t u r e s  p i cked  

up by two o t h e r  o r t h o g o n a l  a n t e n n a s .  The l o o p  a n t e n n a s  were 

s t a n d i n g  on edge w i t h  t h e  h o r i z o n t a l  a n t e n n a  s e n s i t i v e  a x i s  

d i r e c t e d  E-W i n  t h e  f i r s t  c a s e  and N-S i n  t h e  second c a s e .  A l l  

t h r e e  n o i s e  s i g n a t u r e s  shown i n  f i g u r e s  6 ,  7 ,  and 8  were t a k e n  

s i m u l t a n e o u s l y  u s i n g  t h e  t h r e e  a n t e n n a s  and t h r e e  s e p a r a t e  

t r a c k s  on t h e  t a p e  r e c o r d e r .  A t  l e a s t  t h r e e  c o n c l u s i o n s  can 

be made about  t h e s e  f i g u r e s .  F i r s t ,  t h e  h o r i z o n t a l  s e n s i t i v e  

a x i s  n o i s e  r e c e i v e d  i s  lower  by 10 t o  30 dB than  t h e  v e r t i c a l  

s e n s i t i v e  a x i s  n o i s e .  Second, t h e  h o r i z o n t a l  s e n s i t i v e  a x i s  

n o i s e  r e a c h e s  a  r e l a t i v e  minimum i n  t h e  r e g i o n  o f  32 kHz and 

t h e n  r i s e s  10  dB o r  s o  t o  an a p p a r e n t  maximum i n  t h e  r e g i o n  of  
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80 kHz. These a r e  t h e  o n l y  two s p e c t r a  t a k e n  i n  Robena No. 4 

t h a t  show t h i s  b r o a d  r i s e .  P o s s i b l y  i t  i s  n e c e s s a r y  t o  be  

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

i s  t h e  e x t e n s i o n  o f  s p e c t r a l  f e a t u r e s ,  5-kHz w i d e ,  up t o  100  

kHz. These  f e a t u r e s  a r e  shown t o  be  s h i f t i n g  upward i n  f r e -  

quency  w i t h  t i m e  i n  t h e  3 - D  d i s p l a y  shown i n  f i g u r e  9 .  The 

machine p r o d u c i n g  t h e  n o i s e  was i n c r e a s i n g  i t s  mechan ica l  speed  

d u r i n g  t h e  t i m e  c o v e r e d ,  t h e r e b y  c a u s i n g  t h e  f r e q u e n c y  o f  o u t -  

p u t  n o i s e  t o  i n c r e a s e .  F i g u r e  9 d i s p l a y s  a  f r e q u e n c y  r a n g e  o f  

2 1  kHz, and t h e r e  a r e  f o u r  v i s i b l e  r e p e t i t i o n s  o f  t h e  f e a t u r e  

t h a t  i s  abou t  5-kHz wide .  S i n c e  t h e s e  f e a t u r e s  move i n  f r e -  

quency  w i t h  t i m e ,  t h e  p e a k s  o f  t h e  n o i s e  a t  any g i v e n  t i m e  

c o u l d  a p p e a r  a t  any  f r e q u e n c y .  T h e r e f o r e ,  when c o n s i d e r i n g  

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

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

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

n a t u r e .  S h o r t  - d u r a t i o n  i m p u l s e s  were  o b s e r v e d  e a r l i e r  t h a t  

exceeded  t h e  n o i s e  l e v e l s  p r e s e n t e d  i n  t h e  p l o t s  s o  f a r .  Some 

t y p i c a l  examples  o f  i m p u l s e s  w i l l  b e  g i v e n  l a t e r .  

F i g u r e s  1 0 ,  11, and  1 2  a r e  t h e  same s p e c t r a  a s  shown i n  

f i g u r e s  6 ,  7 ,  and 8 ,  b u t  t h e  f r e q u e n c y  s c a l e  i s  expanded .  

These  s p e c t r a  have  a  7 . 8 1  Hz r e s o l u t i o n  b a n d w i d t h .  F i e l d  

s t r e n g t h s  can  be  r e a d  from t h e s e  s p e c t r a  i n  t h e  r a n g e  from 

100 Hz t o  3 kHz; o u t s i d e  t h i s  r a n g e  t h e y  a r e  n o t  c a l i b r a t e d .  

F i g u r e  1 0  shows t h a t  t h e r e  i s  some b roadband  n o i s e  p r e s e n t  b e -  
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tween t h e  commuta to r -gene ra ted  n o i s e  p e a k s .  F i g u r e s  11 and 1 2  

show t h a t  even w i t h  f a c e  machinery i n  o p e r a t i o n ,  p o w e r l i n e  

harmonics  a r e  predominant  i n  t h i s  f r equency  range  f o r  h o r i z o n -  

t a l  a n t e n n a  s e n s i t i v e  a x i s  o r i e n t  a t  i o n .  

F i g u r e  1 3  shows t h e  n o i s e  r e c e i v e d  a t  t h e  f a c e  a r e a  d u r i n g  

l u n c h  hour  ( q u i e t  t ime)  and i n  t h e  absence  o f  any e l e c t r i c a l  

machinery  ( t h e  miner  was pa rked  e l s e w h e r e )  . I n  t h i s  c a s e  t h e  

sys t em n o i s e  ( p r i m a r i l y  t h e  t a p e  r e c o r d e r )  l i m i t s  s e n s i t i v i t y  

t o  abou t  -20 dB r e l a t i v e  t o  1 yA/m.  F i g u r e  14 shows t h e  same 

spec t rum a s  F i g u r e  1 3 ,  bu t  w i t h  t h e  f r e q u e n c y  s c a l e  expanded.  

The f i r s t  t h r e e  p o w e r l i n e  harmonics  ( o f  360 Hz) were s t r o n g e r  

d u r i n g  l u n c h  hour  t h a n  when t h e  equipment was p r e s e n t  and 

working .  I n  t h e  r e g i o n  between 1080 and 2880 H z ,  t h e  3 r d  

t h r o u g h  8 t h  harmonics  of  360 Hz a r e  found.  The 360-Hz n o i s e  

i s  g e n e r a t e d  when 3 -phase  60-Hz a c  power i s  r e c t i f i e d  t o  p r o -  

v i d e  mine o p e r a t i n g  dc  power. T e c h n i c a l l y ,  w i t h o u t  any f i l t e r -  

i n g ,  t h e  mine power i s  p u l s a t i n g  d c  ( p u l s a t i n g  a t  360 p u l s e s  

p e r  s e c o n d ) .  The l e v e l s  o f  t h e  harmonics  a r e  41 dB yA/m f o r  

t h e  3 r d  harmonic ,  36 dB f o r  t h e  4 t h ,  32 dB f o r  t h e  S t h ,  25 dB 

f o r  t h e  6 t h ,  1 2  dB f o r  t h e  7 t h ,  and 9 dB f o r  t h e  8 t h .  The l o g a -  

r i t h m i c  ave rage  ( a v e r a g e  dB v a l u e )  o f  t h e s e  s i x  harmonics  i s  

26 dB pA/m. These v a l u e s  a r e  o b t a i n e d  from a  computer  p r i n t -  

o u t  from t h e  program "Peak F inde r" .  
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c .  A t  R a i l  of Haulageway (Loca t ion  2) 

F i g u r e s  1 5 ,  1 6 ,  and 17 show t h e  t h r e e  o r t h o g o n a l  compo- 

n e n t s  of  n o i s e  r e c o r d e d  a t  a n t e n n a  l o c a t i o n  2 ,  which i s  1 . 5  m 

from t h e  n e a r e s t  r a i l  i n  t h e  main haulageway ( r e f e r  t o  f i g u r e  5  

f o r  a n t e n n a  l o c a t i o n ) .  The t i m e  i s  2:35 p.m. ,  between s h i f t s ,  

w i t h  a  medium-sized (13  t o n )  locomot ive  a r r i v i n g  p u l l i n g  a  

m a n - t r i p  c a r  w i t h  t h e  second s h i f t  complement o f  w o r k e r s .  

Apparent  on t h e s e  t h r e e  p l o t s  a r e  t h e  h i g h e r  l e v e l s  o f  360 Hz 

and a s s o c i a t e d  harmonics  n e x t  t o  t h e  t r o l l e y ,  a s  compared t o  

t h e i r  l e v e l s  on f i g u r e  10  d u r i n g  l u n c h  hour  a t  t h e  f a c e .  F i g -  

u r e s  1 8 ,  1 9 ,  and 20 show expanded s p e c t r a  of t h i s  e v e n t .  From 

f i g u r e  20 ( a n t e n n a  s e n s i t i v e  a x i s  p o i n t i n g  towards  t r o l l e y  

w i r e )  t h e  harmonic magne t i c  f i e l d  s t r e n g t h s  a r e  73 dB uA/m 

f o r  t h e  3 r d  harmonic ,  69 dB f o r  t h e  4 t h ,  65 dB f o r  t h e  5 t h ,  

59 dB f o r  t h e  6 t h ,  48 dB f o r  t h e  7 t h ,  and 42 dB f o r  t h e  8 t h .  

The l o g a r i t h m i c  ave rage  s t r e n g t h  o f  harmonics  3  t h r o u g h  8  i s  

59 dB pA/m. The l o g a r i t h m i c  ave rage  s t r e n g t h  o f  harmonics  

3  t h r o u g h  8  a t  t h e  f a c e  ( v e r t i c a l  moment) was 26 dB 1.1A/m. 

S u b t r a c t i n g  t h e  two a v e r a g e s ,  we f i n d  t h a t  f i e l d  s t r e n g t h s  

i n  t h e  hau lage  way, between 1080 Hz and 2880 Hz, on a  

l o g a r i t h m i c  b a s i s ,  a r e  h i g h e r  by 33 dB, a  power r a t i o  o f  

about  2000 t o  1. L a t e r  we w i l l  show e v i d e n c e  o f  much h i g h e r  

f i e l d  s t r e n g t h s  n e a r  main d c  power f e e d  l i n e s .  

F i g u r e s  2 1 ,  2 2 ,  and 23 a r e  3-D p l o t s  showing how t h e  

n o i s e  changes  a s  a  f u n c t i o n  o f  t i m e .  The f i r s t  p o r t i o n s  o f  
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RMS MAGNETIC FIELD STRENGTH, HI dB RELATIVE TO ONE MICROAMPERE 
PER METER, FOR DISCRETE FREQUENCIES; OR 

RMS MAGNETIC-FIELD-STRENGTH SPECTRUM DENSITY LEVEL, Hdl dB RELATIVE TO 
ONE MICROAMPERE-PER-METER PER $!%t FOR BROAD BAND NOISE 



RMS MAGNETIC FIELD STRENGTH, H, dB RELATIVE TO ONE MICROAMPERE 
PER METER, FOR DISCRETE FREQUENCIES; OR 

RMS MAGNETIC-FIELD-STRENGTH SPECTRUM DENSITY LEVEL, Hd, dB RELATIVE TO 
ONE MICROAMPERE-PER-METER PER ,/E%z, FOR BROAD BAND NOISE 
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Figure  21 Three-D spectrum o f  magnet ic  f i e l d  s t r e n g t h  ob- 
t a i n e d  on a  loop  an tenna  74 kHz t o  9 5  kHz, Robena 
No. 4  mine, underground, c r o s s c u t  No. 7 ,  loop  
an tenna ,  an tenna  s e n s i t i v e  a x i s  v e r t i c a l ,  1 .5  
meters  from n e a r e s t  r a i l .  T h i r t e e n -  t o n  locomo- 
t i v e  p u l l i n g  miners  i n t o  s e c t i o n .  S p e c t r a l  r e s o -  
l u t i o n  i s  1 kHz. R e l a t i v e  ampl i tude  i s  shown. 
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1 t h e s e  p l o t s  were  shown i n  t h e  s i x  p r e c e d i n g  s p e c t r a  ( a n t e n n a  

l o c a t i o n  2 ) .  H e r e ,  t h e  f r e q u e n c y  r e g i o n  be tween  74 kHz and  

95 kHz i s  s e l e c t e d  f o ~  a n a l y s i s  o v e r  a b o u t  a  1 / 2 - s e c o n d  

p e r i o d  w i t h  1-kHz s p e c t r a l  r e s o l u t i o n .  I m m e d i a t e l y  a p p a r e n t  on 

two o f  t h e s e  g r a p h s  a r e  i m p u l s e s  o f  v a r y i n g  s t r e n g t h .  T h e s e  

i m p u l s e s  a r e  c a u s e d  by t h e  a p p r o a c h i n g  1 3 - t o n  l o c o m o t i v e .  The 

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

h o r i z o n t a l  s e n s i t i v e  a x i s  o r i e n t e d  N-S ( p o i n t e d  t o w a r d  t h e  

t r o l l e y  w i r e ) .  T h i s  i s  n o t  t o o  s u r p r i s i n g ,  a s  t h e  t r o l l e y  

w i r e  and  r a i l s  p r o b a b l y  a c t  t o  t r a n s m i t  t h e  n o i s e  t o  some 

e x t e n t .  The v e r t i c a l  s c a l e  on t h e  3 - D  p l o t s  i s  i n c r e m e n t e d  

i n  10-dB s t e p s .  The h e i g h t  o f  t h e  s t r o n g e s t  i m p u l s e  i s  a b o u t  

25 dB above t h e  n o i s e  f l o o r .  The n o i s e  f l o o r  h e r e  r e p r e s e n t s  

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

measurement  t h i s  f l o o r  i s  a b o u t  20 dB abo-tie 1 u A / m .  The im- 

p u l s e  c an  t h e n  b e  i n f e r r e d  t o  b e  a b o u t  45 dB p A / m .  These  

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

f i e l d  s t r e n g t h s  e n c o u n t e r e d .  The APD i n f o r m a t i o n  g i v e n  e l s e -  

where  i n  t h i s  r e p o r t  w i l l  g i v e  more a c c u r a t e  i n f o r m a t i o n  on 

d i s t r i b u t i o n s  o f  p u l s e  a m p l i t u d e  f o r  t h e  measurement  bandwid th .  

l ~ o t e  t h a t  f o r  e a c h  3 - D  g r a p h ,  t h e  i n f o r m a t i o n  shown d u r i n g  t h e  1 
( i n t e r v a l  o f  t i m e ,  0  t o  80 m s ,  i s  a v e r a g e d  f o r  p r e s e n t a t i o n  i n  

t h e  c o r r e s p o n d i n g  2-D s p e c t r a  i n  f i g u r e s  1 5 ,  1 6 ,  and  1 7 .  

These  t h r e e  f i g u r e s  ( 2 1 ,  2 2 ,  23)  a l s o  i l l u s t r a t e  t h e  

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



t o  o b t a i n  t h e  f i e l d  a t  any g iven  p o i n t  i n  t h e  mine. For  example ,  

i f  o n l y  one h o r i z o n t a l  component ( f i g .  22) were measured ,  t h e  

i m p u l s e s  p r e s e n t  a t  t h i s  p o i n t  ( a s  shown i n  f i g u r e s  2 1  and 23) 

would have been e n t i r e l y  mis sed .  

O the r  measurements  made a t  a n t e n n a  l o c a t i o n  number 2 ,  

i n c l u d i n g  r o o f - b o l t  v o l t a g e ,  t r o l l e y - w i r e  v o l t a g e ,  and phone 

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

I V ,  S p e c i a l  Measurements.  

d .  T h i r t y  Meters  from R a i l  (Loca t ion  3) 

Antenna l o c a t i o n  number 3 i s  31.5 m e t e r s  from t h e  t r a c k  

i n  c r o s s c u t  number 7 ,  o r  30 m e t e r s  f a r t h e r  away from t h e  t r a c k  

t h a n  l o c a t i o n  number 2 .  F i g u r e s  24 ,  25 ,  and 2 6  show t h e  t h r e e  

o r t h o g o n a l  components o f  n o i s e  r e c e i v e d  a t  l o c a t i o n  number 3 .  

A l l  t h r e e  o r t h o g o n a l  components g e n e r a l l y  show 20 t o  3 0  dB 

l e s s  n o i s e  t h a n  r e c e i v e d  a t  l o c a t i o n  2 ,  i n  t h e  f r e q u e n c y  r e g i o n  

below 10 kHz. The 88-kHz t r o l l e y  phone shows up c l e a r l y  a t  

32 dB pA/m f o r  t h e  v e r t i c a l  s e n s i t i v e  a x i s ,  and 25 dB uA/m and 

23 dB uA/m f o r  h o r i z o n t a l  s e n s i t i v e  a x e s  E-W and N-S, r e s p e c -  

t i v e l y .  The t r o l l e y  phone s i g n a l  r e c e i v e d  on a  v e r t i c a l  s e n s i -  

t i v e  a x i s  a n t e n n a  i s  7 and 9 dB h i g h e r  t h a n  t h e  s i g n a l s  r e -  

c e i v e d  on t h e  two h o r i z o n t a l  s e n s i t i v e  a x i s  a n t e n n a s .  

F i g u r e s  27 ,  28 ,  and 29 show expanded s p e c t r a  f o r  t h e  above 

l o c a t i o n  3 .  Power - l ine  harmonics  a r e  s t r o n g e s t  on t h e  a n -  

t e n n a  w i t h  t h e  s e n s i t i v e  a x i s  h o r i z o n t a l  N-S, p o i n t i n g  toward  

t h e  t r o l l e y  w i r e  and t r a c k s .  
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1 e .  Nip P o i n t  ( L o c a t i o n  4 )  

The i n t e r s e c t i o n  o f  t h e  main  h a u l a g e  a n d  c r o s s c u t  9 

c o n t a i n s  t h e  " n i p  p o i n t , "  a s s o c i a t e d  "power s l e d  ," and  " c a r -  

p u l l  ," and  i s  a  c e n t r a l  p o i n t  o f  a c t i v i t y .  The s h u t t l e  c a r s  

u s e  t h i s  a r e a  t o  l o a d  ( t r a n s f e r )  c o a l  i n t o  t h e  t r a i n  c a r s .  A s  

t h e  c a r s  a r e  f i l l e d ,  t h e y  a r e  moved f o r w a r d  u n d e r  t h e  c o n t r o l  

o f  an  o p e r a t o r  u s i n g  a  l a r g e  h y d r a u l i c  c a r - p u l l  t o  move i n  

empty c a r s  f o r  f i l l i n g .  Antenna  l o c a t i o n  number 4 i s  one  m e t e r  

away f rom t h e  e l e c t r i c  m o t o r  t h a t  d r i v e s  t h e  h y d r a u l i c  pump f o r  

1 t h e  c a r - p u l l .  The a n t e n n a  i s  l o c a t e d  be tween  t h e  m o t o r  a n d  t h e  

1 t r a c k  i n  an  a r e a  o f  a l m o s t  c o n s t a n t  occupancy  by  t h e  c a r - p u l l  

1 o p e r a t o r .  The a n t e n n a  s e n s i t i v e  a x i s  i s  h o r i z o n t a l  E - 8 .  

F i g u r e  30 shows t h e  s p e c t r u m  o b t a i n e d  w i t h  t h e  c a r - p u l l  m o t o r  

o p e r a t i n g .  The c a r - p u l l  o p e r a t e s  i n t e r m i t t e n t l y  e v e r y  few 

( s e c o n d s ,  f o r  a  few s e c o n d s ,  w h i l e  a  s h u t t l e  c a r  i s  u n l o a d i n g .  I 
( T h e  maximum s p e c t r u m  v a l u e  i s  a t  7 8  dB pA/m a t  1 0 0 0  Hz, d r o p s  1 
t o  4 7  dB pA/m a t  10  kHz, and i s  down t o  2 5  dB pA/m a t  30  kHz. 

T h i s  s p e c t r u m  c o n t a i n s  no  s p e c t r a l  p e a k s  due t o  b r u s h  

n o i s e ,  which i s  u n u s u a l  f o r  a  d c  m o t o r .  The sound  p r o d u c e d  

i n  t h e  a u d i o  m o n i t o r  w h i l e  r e c o r d i n g  c o n t a i n e d  no w h i n e .  Whine 

u s u a l l y  i s  a s s o c i a t e d  w i t h  b r u s h - p r o d u c e d  s p e c t r a l  p e a k s .  No 

e x p l a n a t i o n  i s  a p p a r e n t  f o r  t h i s  a b s e n c e  o f  p e a k s .  Note  t h a t  

t h e  f i e l d  s t r e n g t h  measured  h e r e  a t  a n t e n n a  l o c a t i o n  4 i s  t h e  

( h i g h e s t  f i e l d  p roduced  by a  s i n g l e  m a c h i n e .  However,  h i g h e r  I 
f i e l d  s t r e n g t h s  a r e  measured  a t  m u l t i p l e s  o f  power l i n e  f r e -  

, q u e n c i e s  i n  c u t s  c o n t a i n i n g  p r i m a r y  mine d c  power c a b l e s .  
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O t h e r  s p e c t r a  t a k e n  a t  a n t e n n a  l o c a t i o n  # 4  showed 

t h e  88-kHz mine phone s i g n a l  s t r e n g t h  a s  42 dB pA/m.  

An a r e a  c o n s i d e r e d  i m p o r t a n t  f o r  a  communica t ion  s u b -  

s t a t i o n  i n  t h e  e v e n t  o f  an emergency i s  an  " a i r - s p l i t , "  t h a t  

i s ,  an a r e a  o f  t h e  mine where  two s t r e a m s  o f  f r e s h  a i r  c o n -  

v e r g e  o r  d i v e r g e .  One a i r - s p l i t  ( n o t  shown on r e p o r t  mine  maps) 

i n  Robena No. 4  mine i s  a t  t h e  i n t e r s e c t i o n  o f  3 -main  w i t h  

1 0 - r i g h t  a b o u t  1 m i l e  f rom t h e  work ing  s e c t i o n  p r e v i o u s l y  d i s -  

c u s s e d .  F i g u r e  31 shows t h e  s p e c t r u m  t a k e n  a t  t h e  a i r - s p l i t  

w i t h  t h e  a n t e n n a  ( s e n s i t i v e  a x i s  v e r t i c a l )  a b o u t  1 m e t e r  f rom 

t h e  n e a r e s t  r a i l .  F i g u r e  32 shows t h e  expanded  s p e c t r u m .  In  

t h e  r e g i o n  be tween  1080 and 2880 Hz t h e  3 r d  t h r o u g h  8 t h  h a r -  

monics  o f  360 Hz a r e  a p p a r e n t .  The l e v e l s  o f  t h e  h a r m o n i c s  

a r e  80 dB pA/m f o r  t h e  3 r d  h a r m o n i c ,  76 dB f o r  t h e  4 t h ,  73 

dB f o r  t h e  5 t h ,  68 dB f o r  t h e  6 t h ,  60 dB f o r  t h e  7 t h ,  and  49 

dB pA/m f o r  t h e  8 t h  ha rmon ic .  The l o g a r i t h m i c  a v e r a g e  s t r e n g t h  

o f  h a r m o n i c s  3  t h r o u g h  8  i s  67 .8  dB pA/m.  T h i s  compares  w i t h  

26 .0  dB pA/m a t  t h e  f a c e  and  59.4  dB pA/m ( f o r  h a r m o n i c s  3 

t h r o u g h  8)  i n  t h e  s e c t i o n  h a u l a g e  way. A p p a r e n t l y  l a r g e r  mine 

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

s e c t i o n  w i t h  c o r r e s p o n d i n g l y  h i g h e r  (8 .4  dB) l o g a r i t h m i c  

a v e r a g e  p o w e r l i n e  ha rmon ic  n o i s e .  Above t h e  8 t h  ha rmon ic  ( s e e  

f i g u r e  31)  , mine n o i s e  c o n t i n u e s  t o  d e c l i n e ,  h a v i n g  a  v a l u e  
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41 dB pA/m a t  t h e  1 8 t h  harmonic (648 kHz),  31 dB uA/m a t  t h e  

2 5 t h  harmonic ( 9  kHz),  and go ing  i n t o  t h e  sys t em n o i s e  o f  

about  19 dB pA/m a t  about  1 6  kHz. 

g .  B a i l e y  S h a f t  (Loca t ion  6)  

An e n t i r e l y  d i f f e r e n t  a r e a  of t h e  Robena No. 4 mine n e a r  

B a i l e y  S h a f t ,  abou t  10-km away, was measured.  F i g u r e  33  shows 

t h e  f e a t u r e s  n e a r  B a i l e y  S h a f t .  The overburden  i n  t h i s  a r e a  

i s  184 m (605 f t . )  . B a i l e y  s h a f t  i s  an open s h a f t  c a r r y i n g  

f r e s h  a i r  f o r  v e n t i l a t i o n ,  a  w a t e r  p i p e ,  and two heavy mine dc  

power c a b l e s .  The bot tom o f  t h e  s h a f t  i s  s e v e r a l  hundred 

m e t e r s  from t h e  n e a r e s t  r a i l  h a u l a g e .  T h i r t y  m e t e r s  e a s t  and  

10 m e t e r s  s o u t h  o f  t h e  bot tom of  B a i l e y  s h a f t  i s  a  pump room 

c o n t a i n i n g  a  d c  m o t o r - d r i v e n  pump f o r  pumping w a t e r  o u t  o f  

Robena No. 4 .  F i g u r e  34 shows t h e  v e r t i c a l  s e n s i t i v e  a x i s  

spec t rum t a k e n  f o r  an a n t e n n a  l o c a t i o n  (number 6)  t h i r t y  m e t e r s  

e a s t  o f  t h e  bot tom of  B a i l e y  s h a f t .  F i g u r e  35 shows t h e  e x -  

panded spec t rum.  The l o g a r i t h m i c  ave rage  o f  t h e  a m p l i t u d e s  

o f  harmonics  3  th rough  8  i s  6 6 . 1  dB u A / m .  The harmonic a m p l i -  

t u d e s  remain f a i r l y  c o n s t a n t  (between 58 and 70 dB pA/m) 

o u t  t o  t h e  1 2 t h  ha rmonic (4 .32  kHz). Beginning  w i t h  t h e  

1 3 t h  harmonic ,  a  d r a m a t i c  and s t e a d y  d e c l i n e  i n  harmonic amp- 

l i t u d e  o c c u r s .  The 1 8 t h  harmonic (6 .48  kHz) i s  down t o  37 dB 

u A / m .  The l a s t  c l e a r l y  r e c o g n i z a b l e  harmonic ( b e f o r e  r e c e i v e r  

n o i s e  becomes predominant )  i s  t h e  2 5 t h  (9  kHz) w i t h  an a m p l i -  
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RMS MAGNETIC FIELD STRENGTH, H, dB RELATIVE TO ONE MICROAMPERE 
PER METER, FOR DISCRETE FREQUENCIES; OR 

RMS MAGNETIC-FIELD-STRENGTH SPECTRUM DENSITY LEVEL, Hdl dB RELATIVE TO 
ONE MICROAt*!PERE-PER-METER PER ,JEKL , FOR BROAD BAND NOISE 
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Figure  35 S p e c t r u m  o f  m a g n e t i c  f i e l d  s t r e n g t h  o b t a i n e d  on 
a  l o o p  a n t e n n a  100  Hz t o  3  kHz,  Robena No. 4 
m i n e ,  u n d e r g r o u n d ,  a n t e n n a  s e n s i t i v e  a x i s  v e r t i -  
c a l ,  2 : 4 5  p.m., Dec. 7 ,  1 9 7 2 .  30 m e a s t  o f  t h e  
b o t t o m  o f  B a i l e y  s h a f t .  S p e c t r a l  r e s o l u t i o n  i s  
7 . 8 1  Hz. 



t u d e  o f  22 dB  PA/^. Note t h a t  t h e  l o g a r i t h m i c  a v e r a g e  a m p l i -  

t u d e  i s  a b o u t  t h e  same a s  t h a t  found  a t  t h e  a i r - s p l i t  ( l o g a r i t h -  

mic a v e r a g e  of 3  t hough  8  i s  67 .8  dB vA/m) . The n o i s e  

measu remen t s  o f  p r i m a r y  i n t e r e s t  a r e  t h e  o n e s  t a k e n  a t  t i m e s  

o f  maximum n o i s e ,  s i n c e  p o t e n t i a l  communica t ions  s y s t e m s  mus t  

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

t h e  n o i s e  s p e c t r u m  w i t h  t i m e ,  f i g u r e  36 shows t h e  n o i s e  s p e c -  

t r u m  t a k e n  a  f e x  s e c o n d s  l a t e r .  F i g u r e  37 shows t h e  expanded  

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

h a r m o n i c s  3 t h r o u g h  8  i s  55 .8  dB v A / m ,  o r  l ower  by 1 0 . 3  dB. 

F i g u r e  38 shows t h e  v e r t i c a l  s e n s i t i v e  a x i s  n o i s e  s p e c t r u m  

t a k e n  27 m i n u t e s  l a t e r  a t  t h e  same l o c a t i o n .  F i g u r e  39  shows 

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

h a r m o n i c s  3  t h r o u g h  8  i s  a b o u t  45 dB pA/m,  o r  l o w e r  by  2 1  dB. 

F i g u r e  38 a l s o  shows t h e  a m p l i t u d e  o f  t h e  88-kHz t r o l l e y  

phone as b e i n g  46 dB yA/m. The s i g n a l  p r o b a b l y  i s  p r o p a g a t e d  

a l o n g  t h e  6 0 0 - v o l t  d c  l i n e  s u p p l y i n g  power t o  t h e  w a t e r  pump 

mo to r  a b o u t  10  m e t e r s  away. 

Because  o f  t h e  r e m o t e n e s s  o f  B a i l e y  s h a f t ,  r e c o r d i n g  

equ ipmen t  s u f f i c i e n t  f o r  o n l y  one c h a n n e l  o f  d a t a  was c a r r i e d  

t o  t h e  l o c a t i o n .  To measu re  t h e  t h r e e  o r t h o g o n a l  components  

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

t h r e e  d i f f e r e n t  o r i e n t a t i o n s .  A  s e t  o f  t h r e e  measurements  

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

a m p l i t u d e s  ( o f  h a r m o n i c s  3 t h r o u g h  8)  o f  4 7 . 2 ,  3 5 . 0 ,  and 49 .2  
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~i~~~~ 37  S p e c t r u m  o f  m a g n e t i c  f i e l d  s t r e n g t h  o b t a i n e d  on  
a  l o o p  a n t e n n a  1 0 0  Hz t o  3 kHz, Robena No. 4 
m i n e ,  u n d e r g r o u n d ,  a n t e n n a  s e n s i t i v e  a x i s  v e r t i -  
c a l ,  Dec. 7 ,  1 9 7 2 .  30 m e a s t  o f  t h e  b o t t o m  o f  
B a i l e y  s h a f t .  A few . s e c o n d s  l a t e r .  S p e c t r a l  
r e s o l u t i o n  i s  7 . 8 1  H z .  
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RMS MAGNETIC FIELD STRENGTH, HI dB RELATIVE TO ONE MICROAMPERE 
PER METER, FOR DISCRETE FREQUENCIES; OR 
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dB pA/m f o r  h o r i z o n t a l  N-S, h o r i z o n t a l  E - W ,  and  v e r t i c a l  a n -  

t e n n a  s e n s i t i v e  a x e s ,  r e s p e c t i v e l y .  T y p i c a l l y ,  t h e  v e r t i c a l  

s e n s i t i v e  a x i s  i s  s t r o n g e s t .  The s p e c t r a  a r e  s i m i l a r  t o  

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

h .  B a i l e y  S h a f t  ( L o c a t i o n  7) 

A f i n a l  m a g n e t i c  f i e l d  s t r e n g t h  measurement  was made a t  

a n t e n n a  l o c a t i o n  7 ,  30 m e t e r s  i n  a n o t h e r  d i r e c t i o n  f rom 

t h e  bo t t om o f  B a i l e y  s h a f t  i n  a  c u t  c a r r y i n g  t h e  p r i m a r y  600 

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

a n t e n n a  s e n s i t i v e  a x i s  i s  v e r t i c a l ,  and t h e  a n t e n n a  i s  p l a c e d  

a b o u t  2 m e t e r s  f rom t h e  c a b l e s  c a r r y i n g  heavy  c u r r e n t s .  The 

p r i m a r y  p u r p o s e  o f  t h i s  p a r t i c u l a r  a n t e n n a  p l a c e m e n t  i s  t o  o b -  

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

s u r f a c e  and  u n d e r g r o u n d .  The r e s u l t s  w i l l  b e  d i s c u s s e d  i n  

s e c t i o n  I V ,  A .  A b s o l u t e  f i e l d  s t r e n g t h s  a r e  o b t a i n e d  f rom t h i s  

measurement  by t h e  u s u a l  c a l i b r a t i o n  and c o r r e c t i o n  t e c h n i q u e s .  

The s p e c t r a l  a n a l y s i s  bandwid th  ( 6 2 . 5  Hz) and  t h e  f r e q u e n c y  

r a n g e  (300 Hz t o  40 kHz) a r e  d i f f e r e n t  t h a n  p a s t  d a t a  a n a l y s e s .  

F i g u r e  40 shows t h e  f i e l d  s t r e n g t h  measu red .  The f i e l d  s t r e n g t l i r  

a r e  u n u s u a l l y  h i g h .  The l o g a r i t h m i c  a v e r a g e  o f  ha rmon ic s  3 

t h r o u g h  8  i s  98.2  dB pA/m. S u b t r a c t i n g  2 6 . 0  dB pA/m ( t h e  

l o g a r i t h m i c  - a v e r a g e  harmonic  s t r e n g t h  measured  a t  t h e  f a c e  

d u r i n g  q u i e t  t i m e )  g i v e s  a  72-dB r a n g e  i n  m a g n e t i c  f i e l d  

s t r e n g t h s  f o r  t h e s e  power l i n e  ha rmon ic s  i n  Robena No. 4  m i n e .  
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T h i s  l a r g e  r a n g e  c o r r e s p o n d s  t o  an a m p l i t u d e  r a t i o  o f  5000 o r  

a  power r a t i o  o f  2 5 , 0 0 0 , 0 0 0 .  I n  summary, a c o a l  mine can be  v e r y  

q u i e t  o r  v e r y  n o i s y  ( e l e c t r i c a l l y )  , d e p e n d i n g  on where  measu re  - 

ments  a r e  t a k e n  r e l a t i v e  t o  o p e r a t i n g  e l e c t r i c a l  c a b l e s  and  

equ ipmen t .  

i .  Summary P l o t  o f  Power L ine  Harmonics  

F i g u r e  41 i s  a  summary o f  m a g n e t i c  f i e l d  s t r e n g t h  a t  

power - l i n e  ha rmon ic  f r e q u e n c i e s  o b s e r v e d  w i t h i n  Robena No. 4 .  

P l o t t e d  a r e  t h e  l o g a r i t h m i c  a v e r a g e s  o f  ha rmon ic s  3  t h r o u g h  8  

o f  360 Hz ( i . e . ,  1080 Hz t h r o u g h  2880 H z ) .  I m p u l s i v e  n o i s e  

i s  n o t  shown. For  c o m p a r i s o n ,  t h e  two d iamond-shaped  p o i n t s  

show equipment  - g e n e r a t e d  n o i s e .  

I I I .  AMPLITUDE PROBAB ILITY DISTRIBUTION MEASUREMENTS 

A .  I n t r o d u c t i o n  

The 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  (APD) o f  t h e  r e  - 

c e i v e d  n o i s e  s i g n a l  magn i tude  i s  one o f  t h e  more u s e f u l  

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

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

n o i s y  env i ronmen t  [ 7 ,  8 ,  9 1 .  

By p l o t t i n g  t h e  c u m u l a t i v e  APD on R a y l e i g h  g r a p h  p a p e r ,  

one can show c l e a r l y  t h e  f r a c t i o n  o f  t i m e  t h a t  t h e  n o i s e  e x -  

c e e d s  v a r i o u s  l e v e l s .  We u s e  R a y l e i g h  g r a p h  p a p e r  w i t h  s c a l e s  
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c h o s e n  s o  t h a t  G a u s s i a n  n o i s e  (e  . g . ,  t h e r m a l  n o i s e )  p l o t s  a s  

a  s t r a i g h t  l i n e  w i t h  s l o p e  o f  - 1 / 2 .  N o i s e  w i t h  r a p i d  l a r g e  

c h a n g e s  i n  a m p l i t u d e  ( e .  g .  , i m p u l s i v e  n o i s e )  t h e n  h a s  a  

much s t e e p e r  s l o p e ,  t y p i c a l l y  -4  o r  - 5 ,  d e p e n d i n g  on t h e  

r e c e i v e r  b a n d w i d t h .  

S e c t i o n  I11 o f  t h i s  r e p o r t  d e s c r i b e s  t h e  APD measurement  

methods and r e s u l t s .  P a r t  B . 1  d e s c r i b e s  t h e  measurement  

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

t r a n s c r i b i n g  s y s t e m ,  and  a  d a t a  p r o c e s s i n g  s y s t e m .  P a r t  B . 2  

p r e s e n t s  measurement  t e c h n i q u e s  u s e d  f o r  APD, rms, and a v e r a g e  

measurements  o f  n o i s e  i n  a  c o a l  m ine .  P a r t  B.3 d e s c r i b e s  t h e  

c a l i b r a t i o n  p r o c e d u r e  and e s t i m a t e  o f  a c c u r a c y  i n  o u r  measu re  - 

m e n t s .  P a r t  C i n c l u d e s  many APD1s t a k e n  i n  a  c o a l  m i n e .  An 

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

B .  N o i s e  Measurement T e c h n i q u e s  

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

S e c t i o n  111, B o f  t h i s  r e p o r t  d e s c r i b e s  t h e  s y s t e m  u s e d  

t o  measure  t h e  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  s t a t i s t i c s  

o f  e l e c t r o m a g n e t i c  n o i s e  i n  c o a l  m i n e s .  The s y s t e m  i s  an e x -  

t e n s i o n  o f  one d e s i g n e d  by  Matheson [ l o ] .  See f i g u r e s  4 2 a ,  

b ,  and  c .  
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a .  Underground Recording  System 

The p r i n c i p a l  p a r a m e t e r  measured i s  m a g n e t i c  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  l o o p  a n t e n n a s  a r e  used  

t o  i n t e r c e p t  t h e  magne t i c  f i e l d  and t o  d i s c r i m i n a t e  s u b s t a n -  

t i a l l y  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 r e -  

quency range  between 10 kHz and 250 kHz, t h e  l o o p  a n t e n n a  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  of a r e a  o f  

abou t  0 .7  s q u a r e  m e t e r s .  T h i s  l o o p  h a s  an i n d u c t a n c e  of  

a b o u t  a  m i c r o h e n r y ,  and a t  low f r e q u e n c i e s  r e p r e s e n t s  a  v e r y  

low impedance s o u r c e  compared t o  t h e  50-ohm i n p u t  impedance 

of  t h e  f i e l d  s t r e n g t h  me te r .  T h e r e f o r e ,  a  b a l u n  w i t h  s t e p - u p  

t r a n s f o r m e r  i s  used  t o  match t h e  low impedance a n t e n n a  t o  t h e  

50-ohm i n p u t .  For  t h e  f r equency  range  between 150 kHz and 

32 MHz, a  s i n g l e - t u r n ,  38-cm d i a m e t e r ,  c i r c u l a r  l o o p  a n t e n n a  

i s  u sed  w i t h  a  b a l u n .  T h i s  l o o p  a n t e n n a  i s  a l s o  e l e c t r i c a l l y  

s h i e l d e d  and h a s  an i n d u c t a n c e  of  about  a  mic rohenry .  The 

magnitude o f  t h e  impedance o f  t h e  l o o p  a n t e n n a  v a r i e s  from 

one ohm a t  150 kHz t o  200 ohms a t  32 MHz. A s w i t c h  on e a c h  

b a l u n  a l l o w s  u s e  o f  s e v e r a l  impedance-matching ne tworks  ( f o u r  

f o r  t h e  low f requency  c a s e  and e i g h t  i n  t h e  h i g h  f r equency  

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 c o u p l i n g  c a p a c i t o r s  

t o  g i v e  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 r e q u e n c y  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  f e d  i n t o  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 ,  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  

m e t e 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 ) .  



I t  h a s  l o n g  been  r e c o g n i z e d  t h a t  a  mean s q u a r e  measu re  

i s  a  v e r y  u s e f u l  s t a t i s t i c a l  m e a s u r e .  But a l t h o u g h  many EIFS 

m e t e r s  have  d e t e c t o r  f u n c t i o n s  s u c h  a s  p e a k ,  q u a s i - p e a k ,  and  

a v e r a g e  v o l t a g e ,  v e r y  few o f  them have  t h e  v e r y  i m p o r t a n t  

f u n c t i o n  o f  rms v o l t a g e .  The EIFS m e t e r s  u s e d  f o r  o u r  

e l e c t r o m a g n e t i c  n o i s e  measurements  a r e  m o d i f i e d  t o  measu re  

rms v o l t a g e  s i m u l t a n e o u s l y  w i t h  a v e r a g e  v o l t a g e  [ l o ]  . The 

c h a r a c t e r i s t i c s  o f  t h e s e  m o d i f i e d  EIFS m e t e r s  u s e d  f o r  o u r  

n o i s e  measurements  a r e  l i s t e d  i n  T a b l e  1. 

The p a r t i c u l a r  s y s t e m  t h a t  we u s e d  a c t u a l l y  m e a s u r e s  rms 

v o l t  a g e ,  'rms ' and a v e r a g e  v o l t a g e ,  V . The s y s t e m  f u n c t i o n s  
avg 

by a u t o m a t i c a l l y  a d j u s t i n g  t h e  r e c e i v e r  g a i n  t o  keep  a  c o n -  

s t a n t  rms v o l t a g e  a t  t h e  o u t p u t  o f  t h e  i n t e g r a t o r  f o l l o w i n g  

t h e  s q u a r e d - v o l t a g e  d e t e c t o r .  The r e c e i v e r  h a s  a  l o g a r i t h m i c  

g a i n  c o n t r o l  c h a r a c t e r i s t i c .  One can  examine t h e  a u t o m a t i c  

g a i n  c o n t r o l  (AGC) v o l t a g e  and  o b t a i n  d i r e c t l y  t h e  i n p u t  rms 

v o l t a g e  i n  dB. 

I n  o r d e r  t o  measure  t h e  APD, t h e  AGC c i r c u i t  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  magn i tude  

o f  t h e  IF 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  b a n d l i m i t e d  

i n p u t  n o i s e  s i g n a l  m a g n i t u d e .  To c h e c k  t h e  l i n e a r i t y  and t o  

e s t a b l i s h  t h e  dynamic r a n g e  o f  t h e  EIFS m e t e r ,  a  CW s i g n a l  i s  

a p p l i e d  t o  t h e  i n p u t  o f  t h e  EIFS m e t e r .  The r e l a t i o n  be tween  

t h e  i n p u t  and  t h e  IF o u t p u t  o f  t h e  EIFS m e t e r  A i s  shown i n  

f i g u r e  43.  The dynamic r a n g e  o f  t h e  EIFS m e t e r  u s e d  i n  o u r  

n o i s e  measurements  a t  1 .4-kHz bandwid th  i s  found  t o  b e  6 5  dB. 



INPUT OF EIFS METER, dB RELATIVE TO IrnV RMS 

Figure 43 Linearity of Electromagnetic Interference and Field 
Strength (EIFS) Meter.  



T a b l e  1. C h a r a c t e r i s t i c s  o f  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  (EIFS) M e t e r s  

( M a n u f a c t u r e r ' s  S p e c i f i c a t i o n s )  

EIFS Meter  A B 

F requency  Coverage  1 0  kHz - 250 kHz 150  kHz - 32 MHz 

S e n s i t i v i t y  0 . 0 1  pV 0 . 1  pV 

cw 3-dB S i g n a l  Bandwidth* 1 . 4  kHz 3 . 3  kHz 

- Dynamic Range 67 dB 60 dB 

S p u r i o u s  Response  
R e j e c t  i o n  

I n p u t  Impedance 50 ohms w i t h  an 50 ohms w i t h  an 
i n p u t  VSWR l e s s  i n p u t  VSWR l e s s  
t h a n  1 . 2 :  1 t h a n  4 1 . 2 : l  

*These  v a l u e s  o f  t h e  cw 3-dB s i g n a l  bandwid th  a r e  b a s e d  on 
NBS measurements  . 



S i n c e  t h e  bandwidth  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  

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  E I F S  m e t e r  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 c i r c u i t  

d iagram f o r  t h e  m i x e r s  used  i n  o u r  n o i s e  measurements i s  

shown i n  f i g u r e  44 .  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  m a g n e 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 .  

The t a p e  s p e e d  chosen on r e c o r d  and on p layback  i s  15  i n c h e s  

p e r  second ( i p s ) .  A t  t h i s  s p e e d  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 a s  shown i n  f i g u r e  45. - 
The i n p u t  v o l t a g e  range  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  

between 10 m i l l i v o l t s  and 1 v o l t  r m s .  The t a p e  r e c o r d e r  g a i n  

i s  a d j u s t e d  f o r  0  dB. The c h a r a c t e r i s t i c s  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  a r e  l i s t e d  i n  Table  2 .  

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  u s e d  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 equ i remen 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  17 .5  v o l t s .  T h i s  

b a t t e r y  sys t em a l l o w s  abou t  e i g h t  hours  of  r e c o r d i n g .  

b .  Data T r a n s c r i b i n g  System 

The cumula t ive  p e a k - t o - p e a k  f l u t t e r  of  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  abou t  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  abou t  0.4 p e r c e n t .  The t ime  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  
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T a b l e  2 .  C h a r a c t e r i s t i c s  o f  P o r t a b l e  M a g n e t i c  Tape R e c o r d e r  
( D i r e c t  R e c o r d / R e p r o d u c e )  

( M a n u f a c t u r e r ' s  S p e c i f i c a t i o n s )  

Tape Speed 

F l u t t e r  
( 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 )  

rms S i g n a l  t o  rms N o i s e  

C r o s s t a l k  

Harmonic D i s t o r t i o n  

1 5  i n c h e s  p e r  s e c o n d  ( i p s )  

0 . 8  p e r c e n t  

35 dB b e l o w  n o m i n a l  s i g n a l  
l e v e l  

1 . 5  p e r c e n t  t o t a l  h a r m o n i c  
d i s t o r t i o n  

I n p u t  V o l t a g e  Range 0 . 0 1  t o  1 V r m s  

I n p u t  Impedance 20 kR 

O u t p u t  V o l t a g e  1 V r m s  i n t o  1-kR l o a d  

O u t p u t  Impedance 1 0 0  R 

F r e q u e n c y  R e s p o n s e  a t  1 5  i p s  100 Hz t o  50 kHz a t  2 2-dB 
p o i n t s  



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 ,  a t  o u r  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 m 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  s y s -  

tem 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 .  The c h a r a c t e r i s t i c s  o f  t h i s  l a b o r a t o r y  t a p e  

r e c o r d e r  a r e  l i s t e d  i n  Table  3 .  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 ayback  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 .  

c ,  Data  P r o c e s s i n g  System 

The d a t a  p r o c e s s i n g  s y s  tem cons 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 ayback  u n i t ,  

an a m p l i f i e r ,  a  t uned  f r equency  c o n v e r t e r ,  and a  d i g i t a l  

l e v e l  c o u n t e r .  The a m p l i f i e r  i s  used  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  t u n e d  f r e q u e n c y  m e t e r .  

The 40-kHz o u t p u t  of  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  c o n v e r t e d  

up t o  455 kHz by t h e  t u n e d  f r equency  c o n v e r t e r  i n  o r d e r  t o  

match t h e  r e s p o n s e  band of  t h e  d i g i t a l  l e v e l  c o u n t e r .  

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

p l a y  o f  t h e  p e r c e n t a g e  of  t h e  t ime each  of  15 l e v e l s ,  6 dB 

a p a r t ,  a r e  exceeded.  T h i s  i n s t r u m e n t  h a s  f i v e  i d e n t i c a l  18-dB 

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



T a b l e  3 .  

C h a r a c t e r i s t i c s  o f  L a b o r a t o r y  A n a l o g  M a g n e t i c  Tape R e c o r d e r  
( D i r e c t  R e c o r d / R e p r o d u c e )  

( M a n u f a c t u r e r ' s  S p e c i f i c a t i o n s )  

Tape Speed  

F l u t t e r  
( 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 )  

rms S i g n a l  t o  rms N o i s e  

Harmonic  D i s t o r t i o n  

I n p u t  V o l t a g e  Range 

I n p u t  Impedance 

O u t p u t  V o l t  a g e  

O u t p u t  Impedance 

F r e q u e n c y  R e s p o n s e  a t  1 5  i p s  

1 5  i n c h e s  p e r  s e c o n d  ( i p s )  

0 . 4  p e r c e n t  

1 p e r c e n t  

0 . 3  t o  3 . 0  V r m s  

1 0 0  kR 

1 . 0  V r m s  i n t o  10-kR l o a d  

1 0 0  Hz t o  75 kHz a t  + 3-dB 
p o i n t s  



o u t p u t .  Each d e t e c t o r  i s  l i n e a r  o v e r  an 18-dB r a n g e ,  and i t s  

o u t p u t  i s  d i s c r i m i n a t e d  t o  be i n  one of  t h r e e  l e v e l s ,  s i x  dB 

a p a r t .  Each l e v e l ,  whenever exceeded ,  d r i v e s  a  S c h m i t t  t r i g g e r  

which g a t e s  a  c l o c k  o n ;  t h e  g a t e d  c l o c k  p u l s e s  a r e  coun ted  i n  

p a r a l l e l  i n  e a c h  of  15  ( t h r e e  t i m e s  f i v e )  independen t  c o u n t e r s .  

T h i s  g i v e s  a  cumula t ive  d i s t r i b u t i o n .  The l o w e r - l e v e l  

c h a n n e l s  g e n e r a l l y  r e a d  n e a r l y  100 p e r c e n t .  A 1 6 t h  c o u n t e r  

r e a d s  t h e  c o r r e s p o n d i n g  t o t a l  c l o c k  p u l s e s .  Readout i s  on a  

7 - d i g i t  d i s p l a y  which has  a  maximum of  9 x  l o 6  c o u n t s  a v a i l -  

a b l e  f o r  each  c h a n n e l .  The c l o c k  r a t e  can be  a d j u s t e d  from 

1 kHz t o  1 MHz i n  1 - 2 - 5  s t e p s .  

The cw, 3-dB s i g n a l  bandwidth o f  t h e  whole s y s t e m ,  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 t ems ,  

i s  p r i m a r i l y  de te rmined  by t h e  d a t a  p r o c e s s i n g  sys t em.  The 

p r e d e t e c t  i o n  bandwidth o f  t h e  APD measurements f o r  t h e  f r e q u e n c y  

range  between 1 . 0  kHz and 250 kHz u s i n g  EIFS m e t e r  A i s  1 0  kHz, 

whereas  t h a t  f o r  t h e  f r equency  range  between 250 kHz and 32 MHz 

u s i n g  EIFS me te r  B i s  1 . 2  kHz. These 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  APD f i g u r e .  The dynamic r ange  o f  t h e  

whole sys t em i s  p r i m a r i l y  l i m i t e d  by t h e  magne t i c  t a p e  r e c o r d e r  

t o  about  45 dB. 

The sys t em used  f o r  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  i s  shown i n  f i g u r e s  42a,  b ,  c .  F i g u r e  46 shows a  

c o l l a p s i b l e  loop  a n t e n n a  used i n  a mine f o r  t h e  f r e q u e n c y  range  

between 10 kHz and 250 kHz. The r e c o r d i n g  sys tem which i n c l u d e s  





two E I F S  m e t e r s ,  two m i x e r s ,  a  p o r t a b l e  a n a l o g  m a g n e t i c  t a p e  

r e c o r d e r ,  2n e x t e r n a l  s e t  of s e a l e d ,  l e a d - a c i d  b a t t e r i e s ,  a  

p o r t a b l e  o s c i l l o s c o p e ,  e t c . ,  u sed  i n  a  mine i s  shown i n  f i g u r e  

4 7 .  F i g u r e  4 8  shows t h e  d a t a  p r o c e s s i n g  sys t em which c o n s i s t s  

of  a  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 ,  an a m p l i f i e r ,  a  

t u n e d  f r e q u e n c y  c o n v e r t e r  and a  d i g i t a l  l e v e l  c o u n t e r .  

2 .  Measurement Technique 

The measurement t e c h n i q u e  i s  t o  r e c o r d  on magne t i c  t a p e  a  

t ime  - v a r y i n g  a n a l o g  s i g n a l  whose ampl i tude  ( enve lope )  v a r i e s  

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

s p e c i f i c  r e c e i v e r  bandwidth .  These s i g n a l s  a r e  r e c o r d e d  f o r  

abou t  20  m i n u t e s  a t  each  f r equency  and f o r  e a c h  of  t h r e e  

a n t e n n a  o r i e n t a t i o n s .  The t a p e  i s  t r a n s c r i b e d  l a t e r  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 tem 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 .  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  

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

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

t h e  t ime  each  of  15 l e v e l s ,  6-dB a p a r t ,  i s  exceeded.  

The v o l t a g e  l e v e l s  a p p l i e d  t o  t h e  r e c o r d e r  must be a d j u s t e d  

(by c o n t r o l l i n g  t h e  g a i n  of  t h e  f i e l d  s t r e n g t h  m e t e r s )  s o  t h a t  

t h e  cu rved  p o r t i o n  o f  t h e  APD f a l l s  w i t h i n  t h e  dynamic range  

of t h e  magnet ic  t a p e  r e c o r d e r .  To do t h i s ,  we s e t  t h e  main 

f u n c t i o n  s w i t c h  t o  "no i se"  p o s i t i o n  and r e c o r d  r m s  and ave rage  
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v o l t a g e s .  These  two r e a d i n g s  g i v e  t r u e  rms and a v e r a g e  

v a l u e s  o f  n o i s e  i n  a  c o a l  mine on a  f a s t - r e s p o n s e  b a s i s .  The 

t i m e  c o n s t a n t s  f o r  o u r  measurements  can  b e  a d j u s t e d  be tween  

0 . 1  and 100  s e c .  d e p e n d i n g  on t h e  c i r c u m s t a n c e s .  One can  u s e  

t h e  s h o r t e r  t i m e  c o n s t a n t  f o r  a  G a u s s i a n  n o i s e  e n v i r o n m e n t ,  

b u t  l o n g e r  t i m e  c o n s t a n t s  a r e  r e q u i r e d  f o r  an i m p u l s i v e  n o i s e  

e n v i r o n m e n t .  These  " s h o r t  t e rm1 '  rms and  a v e r a g e  v a l u e s  a r e  

r e c o r d e d  and  a r e  u s e d  t o  s e t  t h e  g a i n  o f  EIFS m e t e r s ,  b u t  

t h e s e  v a l u e s  a r e  n o t  r e p o r t e d  h e r e .  We t h e n  s e t  t h e  main 

f u n c t i o n  s w i t c h  t o  peak  p o s i t i o n  i n  o r d e r  t o  d i s a b l e  t h e  A G C .  

By c h a n g i n g  t h e  g a i n  o f  e a c h  EIFS m e t e r ,  t h e  IF  o u t p u t  o f  e a c h  

EIFS m e t e r  i s  a d j u s t e d  t o  a b o u t  100 mv peak  t o  p e a k .  A p o r -  

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

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

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

The c a l i b r a t i o n  o f  t h e  e n t i r e  measurement  s y s t e m ,  i n c l u d -  

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

t a p e  r e c o r d e r s ,  impedance t r a n s f o r m i n g  a m p l i f i e r s ,  and  t h e  

d i g i t a l  l e v e l  c o u n t e r ,  i s  p e r f o r m e d  by immers ing  t h e  r e c e i v i n g  

l o o p  a n t e n n a s  i n  a  known f i e l d ,  g e n e r a t e d  a t  t h e  NBS f i e l d  

s t r e n g t h  c a l i b r a t i o n  s i t e .  Thus a l l  l e v e l s  o f  f i e l d  s t r e n g t h  

a r e  g i v e n  i n  a b s o l u t e  u n i t s .  T h i s  t e c h n i q u e  i s  c a l l e d  t h e  

s t a n d a r d  f i e l d  method.  I t  i s  u s e d  t o  c a l i b r a t e  l o o p  a n t e n n a s  

a t  NBS from 30 H z  t o  30 MHz. The r a t i o  ( c a l i b r a t i o n  f a c t o r )  



of  t h e  known f i e l d  s t r e n g t h  t o  t h e  o u t p u t  o f  t h e  unknown 

s y s  tem i s  c a l c u l a t e d .  

T h i s  s t a n d a r d  f i e l d ,  a  cw, q u a s i - s t a t i c  n e a r - z o n e  magne t i c  

f i e l d ,  i s  produced by a  s i n g l e - t u r n ,  u n s h i e l d e d ,  b a l a n c e d  

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

The magnitude of  t h e  f i e l d  a t  t h e  r e c e i v i n g  l o o p ,  produced by 

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

f o l l o w i n g  e q u a t i o n  [ l l ,  1 2 ,  131 : 

where H i s  t h e  magne t i c  f i e l d  s t r e n g t h  i n  rms amperes p e r  

m e t e r ,  

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

r2  i s  t h e  r a d i u s  of  r e c e i v i n g  l o o p  i n  m e t e r s  ( i f  t h e  

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

c i r c l e  h a v i n g  t h e  same a r e a ) ,  

d  i s  t h e  a x i a l  s p a c i n g  i n  m e t e r s  between t h e  two c o a x i a l  

l o o p s ,  

I i s  t h e  t r a n s m i t t i n g  l o o p  c u r r e n t  i n  rms amperes ,  and 

X i s  t h e  f r e e - s p a c e  wavelength  i n  m e t e r s .  

The t r a n s m i t t i n g  and r e c e i v i n g  l o o p s  a r e  p o s i t i o n e d  c o -  

a x i a l l y  w i t h  r e s p e c t  t o  each  o t h e r  a t  a  s p a c i n g  o f  1 t o  2 m e t e r s .  

The s p a c i n g  i s  d e t e r m i n e d  by t h e  d e s i r e d  magnitude o f  t h e  c a l i -  

b r a t i n g  f i e l d  and t h e  f r e q u e n c y .  Equa t ion  (1) i s  v a l i d  f o r  



d e t e r m i n i n g  t h e  m a g n e t i c  f i e l d  s t r e n g t h  o n l y  when r 1, r 2 '  and  

d  a r e  s m a l l  compared t o  A. The l o o p  s p a c i n g  s h o u l d  b e  a t  

l e a s t  f o u r  t i m e s  t h e  r a d i u s  o f  t h e  l a r g e r  o f  r a n d  r 2  f o r  
1 

e q u a t i o n  ( I )  t o  b e  v a l i d  w i t h i n  one p e r c e n t .  

The c a l i b r a t i o n  s i t e  s h o u l d  b e  i n  an a r e a  t h a t  i s  f r e e  

o f  s i z e a b l e  m e t a l l i c  o b j e c t s  t h a t  m i g h t  i n f l u e n c e  o r  d i s -  

t o r t  t h e  c a l i b r a t i n g  f i e l d .  Norma l ly ,  i f  t h e  c a l i b r a t i n g  a r e a  

i s  c l e a r e d  o f  m e t a l l i c  o b j e c t s  w i t h i n  two o r  t h r e e  t i m e s  t h e  

l o o p  s p a c i n g ,  d ,  t h e r e  w i l l  b e  no a p p r e c i a b l e  e f f e c t .  The 

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

f r e e  o f  o v e r h e a d  power l i n e s ,  s t e e l - r e i n f o r c e d  w a l l s ,  o r  

s h i e l d e d  e n c l o s u r e s .  A n o n - m e t a l l i c  b u i l d i n g  w i t h  no o v e r -  

head  w i r i n g  makes a  s a t i s f a c t o r y  c a l i b r a t i o n  s i t e .  

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  o u r  APD n o i s e  measurements  

a r e  + 5 dB. S e v e r a l  s o u r c e s  o f  e r r o r  t h a t  a r e  c r i t i c a l  t o  t h e  

o v e r a l l  a c c u r a c y  o f  o u r  measurements  a r e  l i s t e d  be low:  

1. Use o f  a  d i s c r e t e  d i g i t a l  l e v e l  c o u n t e r  ( l e v e l s  a r e  

6 dB a p a r t )  c o n t r i b u t e s  + 3-dB q u a n t i z a t i o n  e r r o r  l i m i t .  

T h i s  + 3-dB q u a n t i z a t i o n  e r r o r  would b e  improved t o  5 1 - d B  

e r r o r  by an improved c a l i b r a t i o n  method ,  and f u t u r e  APD 

n o i s e  d a t a  w i l l  b e  r e p o r t e d  w i t h  improved  a c c u r a c y .  

2 .  The e n t i r e  s y s t e m ,  i . e . ,  r e c o r d i n g ,  d a t a  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 ,  h a s  a  c a l i b r a t i o n  u n c e r t a i n t y  o f  

+ 0 . 5  dB. 



3 .  The e s t i m a t e d  u n c e r t a i n t y  i n v o l v e d  i n  u s i n g  t h e  p o r -  

t z b l e  and 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 s  f o r  r e c o r d  and 

p layback  i s  2 0 .5  dB due t o  harmonic d i s t o r t i o n ,  f l u t t e r ,  

d r o p o u t ,  c r o s s - t a l k ,  g a i n  i n s t a b i l i t y ,  e t c .  

4 .  The g a i n  i n s t a b i l i t y  d u r i n g  measurements ,  g a i n  

changes  between measurements and c a l i b r a t i o n ,  and t h e  

n o n - l i n e a r i t y  o f  E I F S  m e t e r s  and m i x e r s ,  a l l  combined, 

c o n t r i b u t e  + 0.5 dB u n c e r t a i n t y .  

5 .  The g a i n  i n s t a b i l i t y  and n o n - l i n e a r i t y  of  t h e  d i g i t a l  

l e v e l  c o u n t e r ,  t h e  t u n e d  f r e q u e n c y  c o n v e r t e r ,  t h e  a m p l i -  

f i e r ,  and a t t e n u a t o r s ,  a l l  combined, c o n t r i b u t e  + 0.5  dB 

u n c e r t a i n t y .  

C .  Noise Measurement R e s u l t s :  APDfs 

Many A P D 1 s  o f  magnet ic  f i e l d  n o i s e  were t a k e n  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  c o a l  mine on December 5 t h  and 7 t h ,  

1972. The l o o p  a n t e n n a s  were p l a c e d  about  300 m e t e r s  from t h e  

f a c e  a r e a  ( l o c a t i o n  5  i n  f i g u r e  5 ) .  Three o r t h o g o n a l  components 

o f  magne t i c  f i e l d  were measured a t  e i g h t  f r e q u e n c i e s  r a n g i n g  

from 10 kHz t o  32 MHz. These f r e q u e n c i e s  a r e  1 0  kHz, 30 kHz, 

70 kHz, 130 kHz, 500 kHz, 2 MHz, 8 MHz, and 32 MHz. The l e n g t h  

of  t ime f o r  each  measurement was 23 m i n u t e s .  

The measured d a t a  a r e  p r e s e n t e d  i n  32 APDfs.  These APDfs 

a r e  g iven  a s  f i g u r e s  49 th rough  8 0 .  The v e r t i c a l  a x i s  g i v e s  

magnet ic  f i e l d  s t r e n g t h ,  H ,  w h i l e  t h e  h o r i z o n t a l  a x i s  g i v e s  



Linear by - 10q,~ ( - In  p l  

F i g u r e  49 APD , 10  k H z ,  v e r t i c a l  componen t ,  1 . 0  kHz  p r e d e t e c t i o n  b a n d w i d t h ,  
D e c e m b e r  5 ,  1972. 11: 25 a . m .  , R o b e n a  No. 4 .  



Figure 50 APD . 30 kHz, vertical component, 1 . 0  k H z  predetection bandwidth. 
December 5 ,  1972, 2: 00 p .m . , Robena No. 4 .  
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F i g u r e  51  APD , 70 k H z ,  vert ical  component,  1 . 0  kHz predetect ion bandwidth ,  
December 5 ,  1972,  2: 45 p . m . ,  Robena No .  4 .  



F i g  ;ure 52 APD, 130 kHz, vertical component, 1 . 0  kHz predetection bandwidth, 
December 5 ,  1972, 5: 45 p . m . ,  Robena No.  4 .  
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Figure 53 APD , 500 kHz, vertical component, 1.2 kHz predetection bandwidth., 
December 5 ,  1972, 12: 45 p . m . Robena No. 4. 
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Figure 5 4  APD . 2 MHz, vertical component, 1.2 kHz predetection bandwidth, 
December 5 ,  1972, 2: 35 p . m . ,  Robena No. 4 .  
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F i g u r e  55 APD, 8 MHz, vert ical  component,  1 . 2  kHz predetect ion bandwidth ,  
December 5 ,  1972,  4: 45 p . m . ,  Robena N o .  4 .  
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PERCENT OF TIME ORDINATE IS EXCEEDED 

F i g u r e  57 APD , 10 k H z ,  h o r i z o n t a l  c o m p o n e n t  (E-W) , 1 . 0  k H z  p r e d e t e c t i o n  
b a n d w i d t h ,  D e c e m b e r  5 ,  1972,  12: 45 p . m e ,  R o b e n a  No.  4 .  
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F i g u r e  5 8 APD , 30 k H z ,  ho r i zon t a l  component  (E-W) , 1 . 0  k H z  p rede t ec t i on  
b a n d w i d t h ,  December  5 ,  1972, 2: 30 p . m . ,  Robena  No. 4 .  
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Figure 60 APD , 130 kHz, horizontal component (E-W) , 1 . 0  kHz predetection 
bandwidth, December 5 ,  1972, 6: 15 p . m a ,  Robena No. 4 .  



F i g u r e  6 1  APD , 500 k H z ,  h o r i z o n t a l  c o m p o n e n t  (E-W) , 1 . 2  k H z  p r e d e t e c t i o n  
b a n d w i d t h ,  D e c e m b e r  5 ,  1972 ,  11: 25 a . m .  , R o b e n a  N o .  4 .  



PERCENT OF TIME ORDINATE IS EXCEEDED 

Figure 62 APD, 2 MHz,  h o r i z o n t a l  c o m p o n e n t  (E-W) , 1 . 2  k H z  p r e d e t e c t i o n  
b a n d w i d t h ,  D e c e m b e r  5 ,  1972,  2: 00 p . m . ,  R o b e n a  N o .  4 .  
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ure 6 3  APD , 8 M H z ,  h o r i z o n t a l  c o m p o n e n t  (E-W) , 1 . 2  k H z  p r e d e t e c t i o n  
b a n d w i d t h ,  D e c e m b e r  5 ,  1 9 7 2 ,  5: 45 p . m . , R o b e n a  No.  4 .  
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F i g u r e  65 APD, 10 k H z ,  h o r i z o n t a l  c o m p o n e n t  (N-S) , 1 . 0  k H z  p r e d e t e c t i o n  
b a n d w i d t h ,  D e c e m b e r  5 ,  1972 ,  1: 20 p . m . ,  R o b e n a  No .  4 .  
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Figu re  66 APD , 30 k H z ,  h o r i z o n t a l  c o m p o n e n t  (N-S) , 1 . 0  k H z  p r e d e t e c t i o n  
b a n d w i d t h ,  D e c e m b e r  5 ,  1972, 3: 05 p . m . ,  R o b e n a  No. 4 .  
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Figure  6 7 APD , 70 kHz, horizontal component (N-S) , 1 . 0  kHz predetection 
bandwidth, December 5 ,  1972,  5: 20 p . m a ,  Robena No. 4 .  
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Figure 6 8 APD , 130 kHz, horizontal component (N-S) , 1 . 0  kHz predetection 
bandwidth, December 5 ,  1972, 6: 50 p . m . ,  Robena No. 4 .  



Figure  69 APD , 500 kHz, horizontal component (N-S) , 1 . 2  k H z  predetection 
bandwidth, December 5 ,  1972, 1: 30 p . m . ,  Robena No. 4. 
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Figu re  70 APD , 2 MHz, hor izon ta l  component  (N-S) , 1 .2  kHz p r ede t ec t i on  
b a n d w i d t h ,  December  5 ,  1972, 3: 05 p . m . ,  Robena  No. 4 .  
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Figure 71 APD , 8 MHz, horizontal component (N-S) , 1 . 2  kHz predetection 
bandwidth, D e c e m b e r  5 ,  1972, 5: 20 p . m . ,  Robena N o .  4 .  
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Figure 72 APD , 32 MHz,  horizontal component (N-S) , 1 . 2  k H z  predetection 
bandwidth, December 5 ,  1972 ,  6: 50 p . m . ,  Robena NO. 4 .  
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F i g u r e  73 APD , 10 k H z ,  v e r t i c a l  c o m p o n e n t ,  1 . 0  k H z  p r e d e t e c t i o n  bandwridth ,  
D e c e m b e r  7 ,  1972, 10: 45 a .  rn . , R o b e n a  N o .  4 .  



A
lA

G
N

E
T

IC
 F

IE
L

D
 S

T
R

E
N

G
T

H
, 

H
 

(d
B

 R
E

L
A

T
IV

E
 T

O
 1

 M
IC

R
O

A
M

P
E

R
E

 P
E

R
 M

E
T

E
R

 R
X

.IS
) 



.0001.001.01 .I .5 1 5 lU 20 30 40 50 60 70 80 85 90 95 9 8 9 9 

PERCENT OF TIME ORDINATE IS EXCEEDED 

F i g u r e  75 APD , 70 k H z ,  v e r t i c a l  c o m p o n e n t ,  1 . 0  k H z  p r e d e t e c t i o n  b a n d w i d t h ,  
D e c e m b e r  7 ,  1972,  11: 55 a . m . ,  R o b e n a  N o .  4 .  
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Figure 76 APD , 130 k H z ,  vertical c o m p o n e n t ,  1 . 0  k H z  p r e d e t e c t i o n  b a n d w i d t h ,  
D e c e m b e r  7 ,  1972,  1: 25 p . m .  , R o b e n a  No. 4 .  
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Figure  7 7 APD , 500 k H z ,  v e r t i c a l  c o m p o n e n t ,  1 . 2  k H z  predetection b a n d w i d t l  
D e c e m b e r  7 ,  1972,  10: 45 a .  m .  , R o b e n a  No .  4 .  
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Figure 78 APD , 2 M H z ,  vertical component, 1 . 2  kEz predetection bandwidth, 
December 7,  1972, 11: 20 a ,  m . , Robena No. 4 .  



~01.001.01 .I .5 1 5 10 20 30 40 50 60 70 80 85 90 95 98 99 

PERCENT OF TIME ORDINATE IS EXCEEDED 

Ire 79 APD , 8 M H z ,  v e r t i c a l  c o m p o n e n t ,  1 . 2  k H z  p r e d e t e c t i o n  b a n d w i d t h ,  
D e c e m b e r  7 .  1972 ,  11: 55 a . m . .  R o b e n a  No .  4 .  
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Figure 80 APD , 32 MHz, v e r t i c a l  c o m p o n e n t ,  1 . 2  kHz  p r e d e t e c t i o n  b a n d w i d t h ,  
D e c e m b e r  7. 1972. 1 :25 p . m . ,  R o b e n a  No. 4. 



p e r c e n t a g e  o f  t i m e  t h e  i n d i c a t e d  l e v e l  i s  e x c e e d e d .  Fo r  t h e  

r e c o r d i n g  t i m e  i n t e r v a l ,  one can s e e  what p e r c e n t a g e  o f  t i m e  

a p a r t i c u l a r  m a g n e t i c  f i e l d  s t r e n g t h  was e x c e e d e d .  I n  a d d i -  

t i o n ,  one can  e a s i l y  i n f e r  t h e  r e l a t i v e  c o m p o s i t i o n  o f  t h e  

n o i s e ,  i . e . ,  w h e t h e r  i t  i s  G a u s s i a n ,  i m p u l s i v e ,  o r  C W .  The 

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

o f  - 1 / 2 .  CW n o i s e  g i v e s  s l o p e s  g r e a t e r  (more p o s i t i v e )  t h a n  

- 1 / 2 .  I m p u l s i v e  n o i s e  shows up a s  s l o p e s  o f  - 4  o r  - 5  o r  even  

more n e g a t i v e  [9]. The n o i s e  s o u r c e s  and  t r a n s m i s s i o n  e f f e c t s  

s h o u l d  be c o n s i d e r e d  i n  t h i s  r e s p e c t .  The i m p u l s i v e  n o i s e  

s o u r c e s  a r e  t y p i c a l l y  t r o l l e y  a r c s  and b r u s h  a r c s .  A t  t h e  

l o w e r  f r e q u e n c i e s ,  10 kHz t o  130  kHz, a l l  w i r e s ,  c a b l e s ,  and  

r a i l s  s e r v e  a s  r e l a t i v e l y  l o w - l o s s  t r a n s m i s s i o n  l i n e s ,  and  

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

mine i s  t r a n s m i t t e d  t h r o u g h o u t  t h e  mine .  A t  t h e  h i g h e r  f r e -  

q u e n c i e s ,  t h e  t r a n s m i s s i o n  l o s s  i s  h i g h e r ,  and u n l e s s  t h e r e  

i s  a  l o c a l  s o u r c e  o f  i m p u l s i v e  n o i s e ,  t h e  measured  n o i s e  i s  

Gauss i an  e x c e p t  f o r  a  r e l a t i v e l y  s m a l l  p e r c e n t a g e  o f  t h e  t i m e .  

Above 2 MHz, f o r  t h e  l o c a t i o n  o f  t h e s e  r e c o r d i n g s  ( b e s i d e  a  

t r o l l e y  l i n e  b u t  away from equipment  e x c e p t  f o r  o c c a s i o n a l  

p a s s i n g  t r o l l e y s ) ,  i m p u l s i v e  n o i s e  i s  p r e s e n t  l e s s  t h a n  one 

p e r c e n t  o f  t h e  t i m e .  Harmonic power o f  t h e  p e r i o d i c  power-  

l i n e  s i g n a l  f a l l s  o f f  above 1 0  kHz; t h i s  can  be s e e n  i n  t h e  

s p e c t r a l  p l o t s .  



The APD's a r e  i n t e g r a t e d  t o  g i v e  rms and a v e r a g e  v a l u e s  

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

H = - $ H dp (H) 
avg 0 

where  H r e p r e s e n t s  t h e  m a g n e t i c  f i e l d  s t r e n g t h  o f  t h e  n o i s e ,  

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

e x c e e d s  t h e  v a l u e  H .  These  q u a n t i t i e s  ( i . e . ,  t h e  APD q u a n t i -  

t i e s )  a r e  a l s o  d e p e n d e n t  upon t h e  measurement  b a n d w i d t h ,  t h e  

l e n g t h  of  t h e  d a t a  r u n ,  and  p o s s i b l y  o t h e r  p a r a m e t e r s .  F i n i t e  

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

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

g r a p h  and  a r e  t i m e  a v e r a g e s  ( 2 3  m i n u t e s )  o f  t h e s e  t i m e - d e p e n d e n t  

p a r a m e t e r s .  I f  t h e  t a p e s  a r e  p l a y e d  i n t o  an rms d e t e c t o r ,  t h e  

r e a d i n g s  w i l l  v a r y  1 0  t o  20 dB o v e r  f r a c t i o n s  o f  a  s e c o n d .  

The rms v a l u e  i s  d i r e c t l y  r e l a t a b l e  t o  n o i s e  power .  Wi th  

t h e s e  wide  v a r i a t i o n s  o f  f i e l d  s t r e n g t h  w i t h  t i m e ,  t h e  mos t  

s u i t a b l e  p r e s e n t a t  i o n s  a r e  s t a t i s t i c a l  o n e s .  

E x c u r s i o n s  o f  f i e l d  s t r e n g t h  be tween  0 . 1  and  99 p e r c e n t ,  

as w e l l  as rms and  a v e r a g e  v a l u e s ,  a r e  shown i n  f i g u r e s  8 1  

t h r o u g h  84 f o r  t h r e e  o r t h o g o n a l  f i e l d  components  measu red  on 

December 5 ,  and  f o r  t h e  v e r t i c a l  component measured  on 

December 7 ,  1972 .  The p r e d e t e c t i o n  bandwid th  f o r  t h e s e  APD 
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measurements  i s  n o r m a l i z e d  t o  b e  1 kHz. Some f l u c t u a t i o n s  i n  

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

d i f f e r e n t  t i m e s  o f  t h e  d a y .  Between 2:00 p.m. and  4:00 p.m. 

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

o p e r a t e d  more o f t e n .  C o n s i d e r a b l y  l o w e r  l e v e l  o f  EM n o i s e  

a r o u n d  130  kHz was o b s e r v e d  f o r  a l l  t h r e e  o r t h o g o n a l  f i e l d  

components  on December 5 ,  1972 .  T h i s  p e c u l i a r i t y  was n o t  ob -  

s e r v e d  on December 7 ,  1 9 7 2 ,  n o r  was i t  o b s e r v e d  on s e v e r a l  

b r o a d - b a n d  s p e c t r a l  p l o t s  t a k e n  i n  some o t h e r  mines  a t  o t h e r  

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

l e v e l  o f  EM n o i s e  a r o u n d  130 kHz on December 5 was due t o  

some s p e c i f i c  o p e r a t i o n  o f  t h i s  c o a l  mine on t h i s  p a r t i c u l a r  

day and i s  n o t  c o n s i d e r e d  t o  b e  a  g e n e r a l  n a t u r e  o f  EM n o i s e  

i n  a  c o a l  mine.  The 2 3  m i n u t e  t i m e  p e r i o d  f o r  e a c h  m e a s u r e -  

ment i s  a d e q u a t e  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 .  S h o r t e r  p e r i o d s  d i s p l a y  s h i f t s  o f  s e v e r a l  

d e c i b e l s  i n  APD1s; l o n g e r  p e r i o d s  (46 m i n u t e s )  do n o t .  The 

emphas i s  i n  t h i s  p rogram was t o  o b t a i n  n o i s e  measurements  

d u r i n g  normal  o p e r a t  i o n .  We d i d  n o t  make measurements  when 

t h e  mine was s h u t  down. When s h u t  down, t h e  mine i s  q u i e t e r  

by many t e n s  o f  d e c i b e l s .  



I V  . SPECIAL MEASUREMENTS 

A. S u r f a c e  N o i s e  Measurements  

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

S u r f a c e  n o i s e  measurements  were  made on December 5 a n d  7 ,  

1 9 7 2 ,  n e a r  B l a k e r  and  B a i l e y  S h a f t s  o f  Robena No. 4 Coa l  Mine.  

The B l a k e r  S h a f t  d a t a  a r e  p r o b a b l y  t y p i c a l  o f  f a r m i n g  and  

p a s t u r e  c o u n t r y s i d e .  The B a i l e y  S h a f t  d a t a  a r e  t y p i c a l  o f  

mine e n t r a n c e s  n e a r  power s u b s t a t i o n s  and  heavy  e l e c t r i c a l  

m a c h i n e r y .  

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

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

communica t ion  s y s t e m s .  The u p p e r  f r e q u e n c y  l i m i t  o f  i n t e r e s t  

i s  p r o b a b l y  no  h i g h e r  t h a n  1 0  kHz f o r  mos t  p r a c t i c a l  u s e s .  

T h i s  i s  b e c a u s e  a t t e n u a t i o n  t h r o u g h  t h e  e a r t h  i n c r e a s e s  

r a p i d l y  above some " c o r n e r "  f r e q u e n c y ,  o f t e n  much l o w e r  t h a n  

10 kHz. 

The re  a r e  s e v e n  s e c t i o n s  t o  p a r t  I V  o f  t h i s  r e p o r t .  They 

a r e  b r i e f  b e c a u s e  t h e  measurement  t e c h n i q u e s ,  i n s t r u m e n t a t i o n ,  

and  c a l i b r a t i o n  a r e  s i m i l a r  t o  t h o s e  d i s c u s s e d  i n  much more 

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



2 .  Measurement T e c h n i q u e s  

a .  S p e c t r a  

The s u r f a c e  s p e c t r a l  measurements  a r e  made t h e  same way 

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

f o u r  d i f f e r e n c e s  : f i r s t ,  d i f f e r e n t  equ ipment  i s  u s e d  ; s e c o n d ,  

t h e  f r e q u e n c y  r a n g e  i s  l e s s ,  100  Hz t o  1 0  kHz; t h i r d ,  t h e  

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

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

f o r  t r a n s c r i b i n g  d a t a .  

b  . 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 g a i n ,  t h e  measurement  t e c h n i q u e  i s  s i m i l a r  t o  t h a t  u s e d  

i n  making u n d e r g r o u n d  measu remen t s .  The d i f f e r e n c e s  a r e  t h e  

same a s  t h e  f i r s t  and  f o u r t h  l i s t e d  above .  The s p o t  f r e q u e n c i e s  

c o v e r e d  a r e  1 0  kHz, 30 kHz, 70 kHz, and 130 kHz. These  f r e -  

q u e n c i e s  a r e  s e l e c t e d  f o r  s p e c i f i c  u n d e r g r o u n d - s u r f a c e  m e a s u r e -  

ment c o m p a r i s o n s ;  t h e  g e n e r a l  i n f o r m a t i o n  o f  t h i s  t y p e  i s  a v a i l -  

a b l e  e l s e w h e r e  [14]  . 

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

The i n s t r u m e n t a t i o n  u s e d  i s  shown i n  f i g u r e  8 5 .  A 

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

and 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  (APD) t e c h n i q u e s .  The 

p e r i p h e r a l  equ ipment  i s  i d e n t i c a l  t o  t h a t  u s e d  i n  t h e  u n d e r -  

g round  s y s t e m  e x c e p t  a c t i v e  f i l t e r s  a r e  u s e d  f o r  t h e  s p e c t r a l  
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s y s t e m s  r a t h e r  t h a n  p a s s i v e  f i l t e r s .  The s i z e ,  w e i g h t ,  and 

power l i m i t a t i o n s  t o  b e  c o n s i d e r e d  a r e  o n l y  m o d e r a t e ,  and  mine 

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

r e c o r d e r  w i t h  i t s  e x c e l l e n t  s p e e d - c o n t r o l  s e r v o  sys t em a l l o w s  

o m i s s i o n  of  one s t e p ,  t h e  d a t a  t r a n s c r i p t i o n .  A l s o ,  t h e  

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

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

r e c o r d  s p e e d  i s  15 i p s ,  w i t h  a  10-kHz bandwid th  u s i n g  FM mode; 

r e p r o d u c e  s p e e d  i s  3 -3 /4  i p s ,  w i t h  a c o r r e s p o n d i n g  2 . 5  kHz 

bandwid th .  

The APD d a t a  must b e  r e c o r d e d  a t  t h e  same s p e e d ,  1 5  i p s ;  

d i r e c t  r e c o r d  mode i s  u s e d ,  a n d ,  f o r  t h i s  r e c o r d e r ,  t h e  75-kHz 

bandwid th  i s  q u i t e  a d e q u a t e  t o  r e c o r d  t h e  40-kHz o u t p u t  o f  t h e  

m i x e r s .  Reproduce s p e e d  i s  1 5  i p s  i n t o  t h e  same d a t a  p r o c e s s i n g  

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

4 .  Loca t  i o n  o f  Measurements  

The l o c a t i o n  o f  measurements  n e a r  B l a k e r  S h a f t  i s  shown 

i n  f i g u r e  8 6 .  A l though  a  power l i n e  ( n o t  shown) t o  a  l o c a l  fa rm 

house  p a s s e s  w i t h i n  2 0  m e t e r s  o f  t h e  measurement  l o c a t i o n ,  and  

a l t h o u g h  a  h i g h  t e n s i o n  l i n e  i s  a b o u t  88  m e t e r s  away, t h e r e  

i s  no heavy  e l e c t r i c a l  mach ine ry  and  no power s u b s t a t i o n  w i t h i n  

a b o u t  2 2 9  m e t e r s .  'Thus t h e  n o i s e  l e v e l s  may b e  c o n s i d e r e d  

t y p i c a l  f o r  d a i r y  f a r m i n g  c o u n t r y s i d e .  
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The o r i g i n a l  p l a n  was t o  r e c o r d  s u r f a c e  d a t a  a t  a  p o s i -  

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

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

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

was i n a c c e s s i b l e .  T h e r e f o r e ,  t h e  m e a s u r e m e n t s  were  made w i t h  

a  h o r i z o n t a l  o f f s e t  o f  a p p r o x i m a t e l y  3 6 0  m e t e r s .  

The m e a s u r e m e n t s  made n e a r  B a i l e y  S h a f t  a r e  a b o u t  3 0  

m e t e r s  f rom a  power s u b s t a t i o n  ( w i t h  r e c t i f i e r s  f o r  s u p p l y i n g  

u n d e r g r o u n d  d c  p o w e r ) ,  and a b o u t  5 0  m e t e r s  f rom c o m p r e s s o r s  

and  o t h e r  h e a v y  e l e c t r i c a l  m a c h i n e r y .  T h u s ,  t h e s e  d a t a  a r e  i n -  

d i c a t i v e  o f  a  " w o r s t  c a s e "  e n v i r o n m e n t ,  o r  a t  l e a s t  what  

n o r m a l l y  must  be e x p e c t e d  w i t h i n  5 0  m e t e r s  o f  mine e n t r a n c e s  

o r  o t h e r  a r e a s  o f  h e a v y  e l e c t r i c a l  power u s a g e .  

5 .  C a l i b r a t i o n  
-- 

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

was p e r f o r m e d  a s  d e s c r i b e d  i n  a  p r e v i o u s  s e c t i o n  by  i m m e r s i n g  

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

t h e  e n t i r e  p r o c e d u r e  o f  r e c o r d ,  r e p r o d u c e ,  p r o c e s s ,  a n d  d i s -  

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

The u n c e r t a i n t i e s  i n  t h e  s p e c t r a l  p l o t s  and APD p l o t s  a r e  

t h e  same a s  s t a t e d  i n  a p p r o p r i a t e  p r e v i o u s  s e c t i o n s .  

6 .  R e s u l t s  o f  S p e c t r a l  N o i s e  M e a s u r e m e n t s  

T h r e e  o r t h o g o n a l  componen ts  o f  s u r f a c e  H - f i e l d  n o i s e  

s p e c t r a l  p l o t s  f o r  B l a k e r  S h a f t  a r e  shown i n  f i g u r e s  8 7  



t h r o u g h  8 9 .  S i m i l a r l y ,  t h r e e  o r t h o g o n a l  components  f o r  

B a i l e y  S h a f t  a r e  shown i n  f i g u r e s  90 t h r o u g h  92.  The l o w e r  

c u r v e  i n  e a c h  f i g u r e  i s  t h e  s y s t e m  n o i s e  c u r v e .  The c u r v e s  

have  been  c o r r e c t e d  t o  d i s p l a y  a b s o l u t e  v a l u e s  be tween  750 

H z  and  1 0  kHz; v a l u e s  be low  t h i s  r a n g e  have  i n c r e a s e d  u n c e r -  

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

r e s o l u t i o n  i s  7 .81  H z  f o r  f i g u r e s  87 t h r o u g h  9 2 .  

With t h e  e x c e p t i o n  o f  some 60-Hz h a r m o n i c s  t h e  B l a k e r  

n o i s e  v a r i e s  be tween  0 dB pA/m and  -20  dB pA/m. V a r i a t i o n s  

a r e  g r a d u a l ,  and  n o t  c o n s i s t e n t ,  b u t  somet imes  t h e r e  i s  a  

b r o a d  minimum be tween  1 kHz and 3  kHz and a  s l i g h t  peak  n e a r  

4 kHz. The B a i l e y  S h a f t  n o i s e  i s  much s t r o n g e r ;  f rom 1 t o  

2  kHz i t  i s  a b o u t  30 dB pA/m; a f t e r  t h a t  i t  f a l l s  o f f  a t  

a p p r o x i m a t e l y  5 0  dB p e r  d e c a d e .  

7 .  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  R e s u l t s  

Only f o u r  APD measurements  were  made n e a r  B l a k e r  S h a f t  and 

none a t  B a i l e y  S h a f t .  These  were  made a t  a p p r o x i m a t e l y  t h e  

same t i m e ,  a t  t h e  same f r e q u e n c i e s ,  and  w i t h  t h e  same a n t e n n a  

s e n s i t i v e  a x e s  ( v e r t i c a l )  a s  f o r  measurements  u n d e r g r o u n d .  

These  APD's a r e  shown i n  f i g u r e s  93 t h r o u g h  96 .  The compara-  

t i v e  r e s u l t s  show s u r f a c e  n o i s e  above a  work ing  mine t o  b e  

a b o u t  25 dB l e s s  t h a n  unde rg round  n o i s e  w i t h i n  t h e  m i n e ,  

a l t h o u g h  t h i s  g e n e r a l i z a t i o n  may b e  g r o s s l y  i n  e r r o r  n e a r  

s o u r c e s  of  mine n o i s e .  
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Linear by - log,,(-In p )  

11001 .001.01 .I .5 1 5 10 20 30 40 50 60 70 80 85 90 95 9 8 99 

PERCENT OF TIME ORDINATE IS EXCEEDEO uscoYM - m 

F i g u r e 9 3  APD, 10 kHz,  s u r f a c e ,  a n t e n n a  s e n s i t i v e  a x i s  
v e r t i c a l ,  Robena No. 4 ,  December 5 ,  1972,  
11:45 a.m. 



Lineor by - 10g,~(-ln p) 

POO1.001.01 .I 5 1 5 I0 20 30 40 50 60 70 80 85 90 95 98 99 

PERCENT OF TIME ORDINATE IS EXCEEDED ~ S ~ O Y Y  . m 

Figure 94 APD, 30 kHz, s u r f a c e ,  antenna s e n s i t i v e  a x i s  
v e r t i c a l ,  Robena No. 4 ,  December 5 ,  1972, 
2:00 p.m. 



'T
i 

Pa
 

09
 

M
A

G
N

E
T

IC
 F

IE
L

D
 S

T
R

E
N

G
T

H
, 

H
 (

d
B

 R
E

L
A

T
IV

E
 T

O
 1

 M
IC

R
O

A
M

P
E

R
E

 P
E

R
 M

E
T

E
R

 F
-r

-.i
,5

, 



Fig 

Lineor by - log,,(-lnp) 
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;ure 96 APD, 130 kHz, s u r f a c e ,  antenna s e n s i t i v e  a x i s  
v e r t i c a l ,  Robena No. 4 ,  December 5 ,  1972, 
5:15 p.m. 



At  1 0  kHz t h e  s u r f a c e  n o i s e  v a r i e s  b e t w e e n  26 dB pA/m 

( 0 . 0 0 0 1 %  o f  t i m e )  a n d  -20  dB pA/m ( 9 9 %  o f  t i m e ) .  

A  summary o f  t h e  f i e l d  s t r e n g t h  e x c u r s i o n s  b e t w e e n  0 . 1 %  

a n d  9 9 %  o f  t h e  t i m e  a s  a  f u n c t i o n  o f  f r e q u e n c y  i s  shown i n  

f i g u r e  9 7  f o r  t h e  s u r f a c e  d a t a ,  

B .  M e a s u r e m e n t s  o f  V o l t a g e  Be tween  "Roof B o l t s "  

M e a s u r e m e n t s  o f  RF v o l t a g e  w e r e  made b e t w e e n  t h r e e  p a i r s  

o f  r o o f  b o l t s  w i t h  i n t r a p a i r  s p a c i n g s  o f  3 . 6  m ,  8 . 5  m ,  a n d  

1 3  m .  R o o f - b o l t  l o c a t i o n s  a r e  shown i n  f i g u r e  5 .  U n s h i e l d e d ,  

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

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

t o  t h e  i n p u t  o f  an a m p l i f i e r  w i t h  l o 8  ohms i n p u t  i m p e d a n c e .  

The r e s u l t i n g  v o l t a g e  s p e c t r a  a r e  shown i n  f i g u r e s  9 8 ,  9 9 ,  

a n d  1 0 0 ,  f o r  s p a c i n g  o f  3 . 6 ,  8 . 5 ,  a n d  1 3  m e t e r s ,  r e s p e c t i v e l y .  

The l o g a r i t h m i c  a v e r a g e  o f  t h e  3 6 0  H z  h a r m o n i c s  3 t h r o u g h  8  

f o r  t h e  1 3 - m e t e r  s p a c i n g  i s  a b o u t  - 8 4 . 2  dB w i t h  r e s p e c t  t o  

1 V rms, i . e . ,  62 pV rms. The a m p l i t u d e s  i n  t h e  s p e c t r a  f o r  

3 . 6 -  a n d  8 . 5 - m e t e r  s p a c i n g s  a r e  t o o  l o w  t o  a l l o w  r e l i a b l e  

s c a l i n g  o f  v o l t a g e s .  

F i g u r e  1 0 1  shows t h e  v o l t a g e  s p e c t r u m  o b t a i n e d  f r o m  a n  

8 . 5 - m e t e r  " d i p o l e " .  I n s t e a d  o f  b e i n g  c l i p p e d  o n t o  t h e  r o o f  

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

v o l t a g e  i s  much h i g h e r .  The l o g a r i t h m i c  a v e r a g e  o f  h a r m o n i c s '  
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FREQUENCY, kHz 

F i g u r e  98 V o l t a g e  s p e c t r u m ,  1 0 0  Hz t o  3  k H z ,  Robena No. 4 
m i n e ,  u n d e r g r o u n d ,  r o o f  b o l t s - 3 . 6 - m e t e r  s e p a r a -  
t i o n ,  1 2  : 2 5  p .m. ,  Dec. 7 ,  1972 .  S p e c t r a l  r e s o -  
l u t i o n  i s  7 .81  H z .  



FREQUENCY, kHz 
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q i n e ,  u n d e r g r o u n d ,  r o o f  b o l t s - 8 . 5 - m e t e r  s e p a r a -  
t i o n ,  12 :20  p.m. ,  ! k c .  7 ,  1 9 7 2 ,  S p e c t r a l  r e s o -  
! u t i o n  i s  7 . 8 1  Ilz.  
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M I N E  GENERATED NOISE . 

FRE QU EEY , kHz 
F i g u r e  101 V o l t a g e  s p e c t r u m ,  100 t I z  t o  3 kHz, Roberla No.  4  

mine , u n d e r g r o u n d ,  d i p o l e  a n t e n n a ,  8 . 5 - m e t e r s  
l o n g ,  1 2 : 2 4  p.m.,  Dec. 7,  1972 .  S p e c t r a l  r e s o -  
l u t i o n  i s  7 . 8 1  Ilz. 



3  t h r o u g h  8 i s  70.0  dB below 1 v o l t ,  i . e . ,  316 pV rms (14 .2  dB 

h i g h e r  t h a n  t h e  1 3 - m e t e r  r o o f  b o l t  v o l t a g e ) .  

Data  t a k e n  s i m u l t a n e o u s l y  on a  p a i r  o f  r o o f  b o l t s  and on 

a  l oop  a n t e n n a  show u n l i k e  r e s p o n s e s .  A t  one t i m e ,  a p a r t i c u l a r  

88-kHz s i g n a l  would be p i c k e d  up more s t r o n g l y  by t h e  r o o f  

b o l t s  t h a n  by t h e  l o o p .  The same i s  t r u e  f o r  i m p u l s e s .  To 

i l l u s t r a t e  t h i s ,  f i g u r e  102  shows t h e  s i g n a l  r e c e i v e d  on a  

l o o p  a n t e n n a  a t  p o s i t i o n  2 o f  f i g u r e  5 .  F i g u r e  103  shows t h e  

s i g n a l  t a k e n  s i m u l t a n e o u s l y  on a  p a i r  o f  r o o f  b o l t s  s e p a r a t e d  

by 1 3  m e t e r s .  ,4 f a i r l y  s t r o n g  i m p u l s e  i s  shown on t h e  b o l t s ,  

w h i l e  t h i s  impu l se  does  n o t  a p p e a r  above t h e  l o o p  s y s t e m  

n o i s e .  These d i f f e r e n c e s  i n  a n t e n n a  p i c k - u p  c h a r a c t e r i s t i c s  

s h o u l d  be s t u d i e d  i n  more d e t a i l .  

C .  S u r f a c e  -Underground No i se  Coherence  T e s t s  

A t e s t  was made o f  t h e  c o h e r e n c e  be tween  n o i s e  a t  t h e  s u r -  

f a c e  and  n o i s e  unde rg round  a t  B a i l e y  s h a f t .  D i r e c t  c u r r e n t  

power l i n e s  a r e  a s s o c i a t e d  w i t h  t h e  s h a f t .  Very l a r g e  mine 

s u p p l y  c u r r e n t s ,  b o t h  unde rg round  and on t h e  s u r f a c e ,  a r e  

p r e s e n t  n e a r  t h e  r e c e i v i n g  a n t e n n a s .  A s  a  r e s u l t ,  t h e  meas-  

urement  i s  p r o b a b l y  more one o f  n o i s e  c o h e r e n c e  a l o n g  a  6 0 0  

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

a t m o s p h e r i c  o r  o t h e r  n o i s e  d i r e c t l y  be tween  s u r f a c e  and  

unde rg round .  

A s y s t e m  t e s t  was pe r fo rmed  by  i n j e c t i n g  a  s i n g l e  b r o a d -  

band n o i s e  s o u r c e  i n t o  t h e  two c h a n n e l s  u s e d  f o r  t h e  c o h e r e n c e  



~i~~~~ 102 3D p lo t  o f  the voltage spectrum of  magnetic f i e l d  
strength obtained on a loop antenna, 74 kHz t o  
95 kHz,  Robena No. 4 mine, underground, 
12:14 p.m., Dec. 5 ,  1972, antenna s e n s i t i v e  ax is  
v e r t i c a l ,  no impulse i s  detectable .  Spectral 
reso lut ion  i s  1000 Hz. 
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t e s t .  One c h a n n e l  r e q u i r e d  t h e  u s e  o f  800  f t .  (245 m) o f  

RG-58 c a b l e .  T e s t  r e s u l t s  show t h a t  t h e  c a b l e s  a n d  t a p e -  

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

o v e r  t h e  f r e q u e n c y  band  o f  i n t e r e s t .  

F i g u r e  104 shows t h e  r e s u l t s  o f  t h e  c o h e r e n c e  measu remen t s  

a t  B a i l e y  S h a f t .  The c o h e r e n c e  i s  above 0 .85  i n  t h e  f r e q u e n c y  

r a n g e  270 Hz t o  6 .6  kHz. F o r  t h i s  f r e q u e n c y  r a n g e  and  f o r  

t h e s e  c o n d i t i o n s ,  v a r i a t i o n s  i n  n o i s e  measu red  on t h e  s u r f a c e  

would  b e  v e r y  s im i l a r  t o  n o i s e  v a r i a t i o n s  made u n d e r g r o u n d .  

The c o h e r e n c e  as d e f i n e d  by Ben ignus  1151 i s :  

A A 

where  G ( F )  i s  t h e  c r o s s  power s p e c t r u m  e s t i m a t e ,  G (F)  i s  
XY XX 

A 

t h e  power s p e c t r u m  e s t i m a t e  o f  t i m e  s e r i e s  x ,  G (F) i s  t h e  
YY 

power s p e c t r u m  e s t i m a t e  o f  t i m e  s e r i e s  y ,  and  F  i s  t h e  f r e -  

quency  i n d e x .  

D .  Mine Phone Wire Measurements  

1. V o l t a g e  -- 

Measurements  on mine p h o n e - w i r e  v o l t a g e  r e l a t i v e  t o  t h e  

r a i l  c o n d u c t o r  were made i n  t h e  work ing  s e c t i o n  a t  l o c a t i o n  

numbered 2 i n  f i g u r e  5 .  F i g u r e s  105 and  106  show t h e  s p e c t r u m  

o b t a i n e d  December 5 ,  1 9 7 2 ,  d u r i n g  s e c o n d - s h i f t  o p e r a t i o n .  The 
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FREQUENCY, kHz 

Figure 104  S p e c t r u m  o f  t h e  c o h e r e n c e  o f  n o i s e  r e c e i v e d  on t h e  
s u r f a c e  a n d  u n d e r g r o u n d ,  R o b e n a  No. 4  m i n e ,  
4:00 p . m . ,  D e c .  7 ,  1 9 7 2 .  D a t a  s p e c t r a  u s e d  t o  
g e n e r a t e  t h i s  s p e c t r - u r n  w e r e  3 0 0  H z  t o  40 kHz w i t h  
a s p e c t r a l  r e s o l u t i o n  o f  6 2 . 5  H z .  
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I I MlNE GENERATED NOISE 

FREQUENCY, kHz 

Figure  106 Spcc t l -u rn  o f  t h e  v o l t a g e  m e a s u r e d  on  the mine  p h o n e  
w i r e  r e l a t i v e  t o  t h e  I - a i l ,  R o b e n a  No. 4 m i n e ,  
u n d e r g r o u n d ,  1 0 0  I-Iz t o  3 k l l z ,  4 : 3 0  p . m . ,  Dec. 5 ,  
1 9 7 2 .  S p e c t r a l  ~ . c s o l u t i o n  i s  7 . 8 1  112. 



l o g a r i t h m i c  ave rage  o f  harmonics  3  t h r o u g h  8  i n  f i g u r e  106 

i s  5  dB r e l a t i v e  t o  1 V rms, i . e . ,  1 . 8  V rms. An u n u s u a l  

f e a t u r e  o f  t h e  phone l i n e  v o l t a g e  spec t rum i s  t h e  v e r y  h i g h  

ampl i tude  a t  60 Hz a s  shown on f i g u r e  106.  

2 .  Measured Noise C u r r e n t  

F i g u r e s  107' and 108 show t h e  n o i s e  c u r r e n t  i n  one mine 

phone w i r e ,  measured a t  l o c a t i o n  2 ( f i g u r e  5) on December 7 ,  

1972.  The s i g n a l s  i n  t h e  aud io  r e g i o n  do n o t  appea r  t o  b e  

360 Hz harmonics .  The c u r r e n t  a p p e a r s  t o  be v e r y  low, and t h e  

l o g a r i t h m i c  ave rage  i n  t h e  r e g i o n  o f  360 Hz harmonics  3  t h r o u g h  

8  i s  -92.8 dB r e l a t i v e  t o  one ampere rms, i . e .  23 PA r m s .  The 

c u r r e n t  a t  88 kHz peaks a t  about  -80 dB, i . e . ,  100  PA rms. 

E .  T r o l l e y  Wire Vol t age  Measurements 

F i g u r e s  109 and 110 show t h e  spec t rum o f  t h e  v o l t a g e  

measured on t h e  600 v o l t  d c  t r o l l e y  w i r e  r e l a t i v e  t o  t h e  r a i l  

i n  t h e  working s e c t i o n  a t  4 :  59 p.m. on December 5 ,  1972.  The 

l o g a r i t h m i c  ave rage  o f  harmonics  3  th rough  8  o f  360 Hz i s  +10.1 

dB r e l a t i v e  t o  1 v o l t  r m s ,  i . e . ,  3 .2  v o l t s  rms. The ampl i tude  

o f  t h e  88-kHz mine phone FM s i g n a l  i s  29 dB above a  v o l t ,  i . e . ,  

28.2 v o l t s  rms. V a r i a t i o n s  i n  harmonic v o l t a g e s  a r e  seen  by 

comparing f i g u r e s  109 and 111, t a k e n  two d a y s  a p a r t .  I n  f i g u r e  

111, l o g a r i t h m i c  average  of harmonics  3  th rough  8  i s  -10.2 dB, 

i . e .  0 . 3 1  V rms. The 88-kHz mine phone c a r r i e r  was measured 

t o  be 100 v o l t s  rms. 
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V.  CONCLUS I O N S  

1. The ampl i tude  o f  magne t i c  f i e l d  n o i s e  a s  a  f u n c t i o n  

of  f r e q u e n c y  i s  shown i n  t h e  s p e c t r a l  p l o t s  o f  s e c t i o n  11, B .  

I n  most c a s e s ,  t h e  n o i s e  ene rgy  i n  t h i s  mine o c c u r s  i n  t h e  

spec t rum below 10 kHz and commonly i s  50 t o  100 dB above 1 

microampere p e r  m e t e r  i n  t h i s  n o i s y  p o r t i o n  o f  t h e  spec t rum 

when measured n e a r  ( w i t h i n  abou t  3  m e t e r s )  equipment o r  power 

c a b l e s .  

2 .  Above 20 kHz, t h e  magne t i c  n o i s e  i s  g e n e r a l l y  w i t h i n  

-20 t o  +30 dB w i t h  r e s p e c t  t o  one microampere p e r  m e t e r ,  

e x c e p t  a t  t r o l l e y - p h o n e  c a r r i e r  f r e q u e n c i e s .  I t  may be con-  

s i d e r a b l y  lower  i n  some l o c a t i o n s .  

3. The 8 8  o r  100  kHz t r o l l e y  phones ,  when v o i c e  modu- 

l a t e d ,  c o v e r  + 10 kHz. I n  some c a s e s ,  t h e y  c r e a t e  harmonics  

up t o  8 MHz. 

4. Moving 30 m e t e r s  away from machinery  and power l i n e s  

c a u s e s  a  s i g n i f i c a n t  d r o p  i n  n o i s e ,  up t o  40 dB. 

5 .  The APD1s show a  40 t o  50 dB v a r i a t i o n  o f  n o i s e  w i t h  

t i m e ,  w i t h  impu l s ive  n o i s e  p r e s e n t  up t o  30 p e r c e n t  o f  t h e  t ime 

a t  f r e q u e n c i e s  below 1 MHz, w h i l e  t h e  impu l s ive  n o i s e  i s  

u s u a l l y  p r e s e n t  l e s s  than  one p e r c e n t  o f  t h e  t ime a t  f r e q u e n c i e s  

above 1 MHz. 

6 .  The APD's a l s o  show t h a t  t h e r e  i s  a  g e n e r a l  d e c r e a s e  

i n  n o i s e  a s  f r e q u e n c i e s  i n c r e a s e ,  r a n g i n g  i n  t h i s  mine from 

+20 dB uA/m a t  10 kHz t o  -40 dB pA/m a t  30 MHz. These a r e  

t i m e - a v e r a g e d  rms v a l u e s .  



7 .  Magne t i c  f i e l d  n o i s e  measu red  on t h e  s u r f a c e  above  1 
( a  mine depends  on p r o x i m i t y  t o  s u r f a c e  n o i s e  s o u r c e s ,  b u t  i s ,  ( 

i n  g e n e r a l ,  l e s s  t h a n  unde rg round  n o i s e ,  a t  l e a s t  i n  t h e  

w i n t e r ,  I t  v a r i e d  from +10 dB pA/m a t  1 0  kHz t o  -30  dB pA/m 

a t  130  kHz a t  one l o c a t i o n  a b o u t  300 m e t e r s  f rom B l a k e r  S h a f t .  

! 8 .  S u r f a c e  n o i s e  may be c o r r e l a t e d  t o  unde rg round  n o i s e l  

I o v e r  a  p o r t i o n  o f  t h e  spec t rum domina ted  by  power l i n e  h a r -  

m o n i c s ;  a t  Robena Mine t h i s  i s  be low 10  kHz.  A t  h i g h e r  f r e -  

q u e n c i e s ,  t h e r e  i s  no c o r r e l a t i o n .  

! 9 .  T r o l l e y  w i r e - t o - r a i l  n o i s e  v o l t a g e s  have  s p e c t r a l  

c o n t e n t s  s i m i l a r  t o  H - f i e l d  r e s u l t s ;  peak  a m p l i t u d e s  a r e  a t  

360 Hz  ( a p p r o x i m a t e l y  100 v o l t s  rms) and  o t h e r  power  l i n e  

h a r m o n i c s .  T r a n s i e n t s  somet imes  e x c e e d  t h e s e  peak  v a l u e s .  

1 0 .  R o o f - b o l t  v o l t a g e s  a l s o  have  s p e c t r a l  c o n t e n t s  

s i m i l a r  t o  H - f i e l d  s p e c t r a ;  t h e y  may be  more s e n s i t i v e  t o  im- 

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

r e v e r s e  was a l s o  o b s e r v e d .  F u r t h e r  i n v e s t i g a t i o n  i s  n e e d e d .  

V I ,  RECOMMENDATIONS - 

E l e c t r o m a g n e t i c  n o i s e  i s  a  dominant  f a c t o r  i n  r a n g e -  

( l i m i t e d  communica t ion  s y s t e m s .  I n  mine communica t ion  s y s t e m s ,  ( 
I r a n g e  - l i m i t i n g  f a c t o r s  a r e  h i g h  a t t e n u a t i o n ,  low s i z e  - w e i g h t  1 

c o n s i d e r a t  i o n s ,  c o s t  c o n s i d e r a t  i o n s ,  power - p e r m i s s i b i l i t y  

l i m i t a t i o n s ,  and o t h e r s .  I n  a d d i t i o n ,  t h e  i n - m i n e  e n v i r o n -  

Jment i s  much n o i s i e r  t h a n  mos t  o t h e r  e n v i r o n m e n t s ,  and h a s  



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

o t h e r  env i ronment s  . T h e r e f o r e ,  t h e  c h a r a c t e r  and magnitude 

of  t h i s  e l e c t r o m a g n e t i c  n o i s e  must be  known i n  o r d e r  t o  

be overcome. 

Our p r i n c i p a l  recommendation i s  t o  use  t h e  d a t a  and t e c h -  

n i q u e s  d i s c u s s e d  i n  t h i s  r e p o r t  t o  s t u d y  t h e  c h a r a c t e r  and 

magni tude  of  e l e c t r o m a g n e t i c  n o i s e  i n  mine env i ronment s .  I t  

s h o u l d  be r e c o g n i z e d  t h a t  t h e r e  i s  no one i n t e r p r e t a t i o n  o r  

s o l u t i o n .  

In  t h e  d i s t a n t  f u t u r e ,  improved equipment d e s i g n  may r e -  

duce t h e  n o i s e .  
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E r r a t a  (Con t inued)  - 
I n s e r t  above S e c t i o n  C ,  p .  9 6  

Some a d d i t i o n a l  u n c e r t a i n t y  beyond t h e  s t a t e d  measurement 

sys t em u n c e r t a i n t y  i s  caused  by t h e  in -mine  env i ronmen t .  Care 

was t a k e n  t o  p r o v i d e  a t  l e a s t  one  me te r  s e p a r a t i o n  from 

m e t a l l i c  o b j e c t s  wherever  p o s s i b l e .  However, c o a l ,  r o c k ,  o r  

e a r t h  was sometimes immed ia t e ly  a d j a c e n t  t o  a  l oop  a n t e n n a .  

I n  a l l  obse rved  c a s e s ,  t h i s  had no  e f f e c t  a t  f r e q u e n c i e s  up 

t o  1 MHz, Above 1 MHz, e a r t h  and r e f l e c t i o n s  d i d  i n  some 

c a s e s  c a u s e  ' 1 dB v a r i a t i o n s ,  even  w i t h  a  s h i e l d e d ,  b a l a n c e d  

l o o p  a n t e n n a .  .4n e s t i m a t e  i s  t h a t  an a d d i t i o n a l  + 5 dB u n c e r -  

t a i n t y  might  b e  a d v i s a b l e .  However, due t o  t h e  c o m p l e x i t y  o f  

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

canno t  b e  r i g o r o u s l y  bounded w i t h o u t  s u b s t a n t i a l  a d d i t i o n a l  

a n a l y s i s .  



I X .  APPENDIX 

D e c o d i n g  o f  S p e c t r u m  C a p t i o n s  

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

l o w i n g  f o r m a t :  

F i r s t  l i n e :  MP NDT NZS NDA NPO K C  DF d a t e ,  t i m e ,  f r a m e ,  s e r i a l ,  

where  

MP = Two ' s  power o f  l e n g t h  o f  F o u r i e r  t r a n s f o r m ,  e x a m p l e ,  

zMP where  MP = 11 

NDT = D e t r e n d i n g  o p t i o n ,  e x a m p l e ,  0  ( d c  removed) 

NZS = R e s t a r t  s p e c t r a l  a v e r a g e  a f t e r  o u t p u t ,  e x a m p l e ,  0  

( r e s t a r t e d )  

NDA = D a t a  segment  a d v a n c e  i n c r e m e n t ,  e x a m p l e ,  2048 

NPO = Number o f  s p e c t r a  a v e r a g e d  b e t w e e n  o u t p u t  c a l l s ,  

e x a m p l e ,  20 

RC = I n t e g r a t i o n  t i m e  i n  s e c o n d s  p e r  s p e c t r a ,  e x a m p l e ,  0 . I 6 8  

DF = R e s o l u t i o n  b a n d w i d t h ,  s p e c t r a l  e s t i m a t e  s p a c i n g  i n  

h e r t z ,  e x a m p l e ,  6 2 . 5  

D a t e  = D a t e  o f  c o m p u t e r  p r o c e s s i n g ,  e x a m p l e ,  0 3 / 2 1 / 7 3  

Time = Time o f  c o m p u t e r  p r o c e s s i n g ,  e x a m p l e ,  1 5 : 0 6 : 3 4  

Frame= Frame s e t  number ,  e x a m p l e ,  1 0  

S e r i a l  = F i l m  f rame  s e r i a l  number ,  e x a m p l e ,  4 2 .  

Second  l i n e :  DTA DA(1) DA(2) DA(3) NSA NRP NPP, w h e r e  

DTA = D e t r e n d i n g  f i l t e r  p a r a m e t e r  a ,  e x a m p l e ,  0 . 0 0 1 9 5  

DA(1) = D e t r e n d i n g  f i l t e r  a v e r a g e ,  K = l ,  e x a m p l e ,  5 9 . 4  



DA(2) = Det rend ing  f i l t e r  a v e r a g e ,  K = 2 ,  example,  0  

DA(3) = D e t r e n d i n g  f i l t e r  a v e r a g e ,  K=3, example,  0  

NSA = Number of  per iodograms a v e r a g e d ,  example ,  20 

NRP = Number o f  d a t a  p o i n t s  p r o c e s s e d  s i n c e  spec t rum 

i n i t i a l i z a t i o n ,  example,  43008 

NPP = Number o f  d a t a  p o i n t s  p r o c e s s e d  s i n c e  d a t a  i n i t i a l  - 

i z a t i o n ,  example,  43008. 

T h i r d  l i n e :  RUN,  SESSION, DAY, MONTH, YEAR Gain c o r r . ,  r e c .  = 

t o t .  c o n s t r .  =, where 

Run and S e s s i o n  = t h e  t i t l e  of  t h e  p o r t r a y e d  frame i d e n t i f y i n g  

t h e  d i g i t i z i n g  s e s s i o n  and run  number, 

example ,  33 55 

Day, Month, Year = d a t e  d a t a  were r e c o r d e d  i n  t h e  mine ,  

example,  5  1 2  73 

Gain c o r r .  r e c .  = r e c e i v e r  g a i n  c o r r e c t i o n ,  example,  0  

t o t .  c o n s t .  = c o n s t a n t  g a i n  c o r r e c t i o n  o f  e n t i r e  sys t em,  

example,  -30 .5 .  

F o u r t h  l i n e :  Top o f  S c a l e ,  S t a n d a r d  E r r o r ,  S p e c t r a l  Peak ,  where 

Top o f  S c a l e  = l a r g e s t  s c a l e  marking f o r  computer drawn 

g r a p h ,  example,  1 .000-005 (1 .0  x  lo- ' )  

S t a n d a r d  E r r o r  = s t a n d a r d  e r r o r  o f  c u r v e ,  example,  0.3162 

S p e c t r a l  Peak = l a r g e s t  s p e c t r a l  peak o b s e r v e d ,  example,  

7 .747-006.  (7.747 x  



The p r e c e d i n g  c o d i n g  was u s e d  e x t e n s i v e l y  i n  t h e  Robena 

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

example s  o f  t h e  new f o r m a t  w i l l  b e  f o u n d  i n  t h i s  r e p o r t .  In 

t h e  new f o r m a t ,  t h e  o l d  f o u r t h  l i n e  i s  now t h e  new f i f t h  l i n e  

and  t h e  new f o u r t h  l i n e  h a s  t h e  f o l l o w i n g  f o r m a t :  

New F o u r t h  l i n e :  C =,  R G  = ,  DG = ,  FG = ,  AG = ,  where  

C = c o r r e c t i o n  c u r v e  u s e d  w i t h  d a t a ,  examp le ,  3 4  

RG = r e c e i v e r  g a i n  and  accompanying  c o r r e c t i o n  i n  dB added  t o  

t h e  d a t a ,  examp le ,  10  ( 2 0  dB) 

DG = d i g i t i z e r  g a i n ,  e x a m p l e ,  0 

FG = f i l t e r  g a i n  i n  dB, o f t e n  rounded  t o  n e a r e s t  s i n g l e  

d i g i t ,  e x a m p l e ,  -1 

AG = a b s o l u t e  g a i n  c o r r e c t i o n  added  t o  d a t a ,  e x a m p l e ,  0 
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