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PART TEN 

SIGNAL-TO-NOISE RATIO IMPROVEMENT TECHNIQUES 

Roy G r e e n f i e l d  

Pennsy lvan ia  S t a t e  U n i v e r s i t y  

I .  SUMMARY 

During t h e  d e t e c t i o n  phase ,  s e v e r a l  p rocedures  can be  used t o  improve t h e  

s i g n a l - t o - n o i s e  r a t i o  (SIN) . 
6 Subar rays  o f  up t o  1 0  se ismometers  s h o u l d  be  used .  The a p p a r e n t  

f a i l u r e  t o  o b t a i n  improvement i n  SIN i n  t h e  Westinghouse s u b a r r a v  

work i s  p robab ly  due t o  e x c e s s i v e  n o i s e  i n  t h e  e l e c t r o n i c s .  The 

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

The s e n s o r s  s h o u l d  be  b u r i e d .  Even b u r i a l  t o  a  few f e e t  w i l l  p robab ly  

g i v e  a p p r e c i a b l e  r e d u c t i o n  o f  n o i s e .  A d e e p e r  b u r i a l  w i l l  p robab ly  

f u r t h e r  reduce t h e  n o i s e ;  and,  i f  t h e  se ismometers  can be  pu t  below 

t h e  wea the red  l a y e r ,  t h e  s i g n a l  l e v e l  w i l l  p robab ly  be  i n c r e a s e d .  

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

h i g h  n o i s e  p e r i o d s  due t o  wind o r  r a i n .  

Before  a t t e m p t i n g  d e t e c t i o n ,  t h e  waveforms s h o u l d  be  bandpass f i l t e r e d .  

The bandpass  s h o u l d  go from 25 H z  t o  an  upper  f r equency  of 100 t o  

200 H z .  F u r t h e r  measurements w i t h  a  low n o i s e  sys tem must b e  done 

b e f o r e  t h e  s i g n a l - t o - n o i s e  r a t i o  can be  determined f o r  t h e  100 t o  

200 Hz range .  Any narrow band n o i s e  s h o u l d  b e  removed by n o t c h  

f i l t e r s  . 
I f  n o i s e  l e v e l s  d i f f e r  among se ismometers  o f  a  s u b a r r a y ,  w e i g h t s  

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  n o i s e  power s h o u l d  be  a p p l i e d  t o  t h e  

se i smomete r s .  

6 Automatic methods of s c r e e n i n g  d a t a  f o r  p o s s i b l e  s i g n a l  a r r i v a l s  

s h o u l d  b e  deve loped ,  b u t  t h e  f i n a l  d e t e r m i n a t i o n  t h a t  t h e  s i g n a l  on 

a  s u b a r r a y  o u t p u t  appears  t o  b e  from a  miner s h o u l d  b e  made by an  

a n a l y s t .  D e t e c t i o n  of " s i g n a l "  on s e v e r a l  s u b a r r a y s  s h o u l d  be  

r e q u i r e d  f o r  p o s i t i v e  i d e n t i f i c a t i o n .  

I n  t h e  l o c a t i o n  phase ,  a f t e r  d e t e c t i o n :  

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

( s t a c k e d )  t o  g i v e  a s  good a  SIN a s  p o s s i b l e  f o r  u s e  i n  d e t e r m i n i n g  

s i g n a l  a r r i v a l  t i m e s ,  t o  be  used i n  l o c a t i o n  computat ions .  The miner 

s h o u l d ,  i f  p o s s i b l e ,  r e p e a t  t h e  s i g n a l  25 t o  50 t i m e s .  
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It i s  probably  n o t  worth  t h e  i n c r e a s e  i n  sys tem complexity t o  implement 

such  complex s i g n a l  p r o c e s s i n g  methods a s  mult i -channel  maximum l i k e l i h o o d  

f i l t e r i n g ,  l i n e a r  p a r t i c l e  f i l t e r i n g ,  o r  p r e d i c t i o n  e r r o r  f i l t e r i n g .  These 

w i l l  probably  n o t  g ive  much s i g n a l -  to-noise  improvement. Matched f i l t e r i n g  

does  n o t  compress t h e  body wave s i g n a l s  i n  t ime ,  and t h u s  w i l l  no t  improve 

system performance any more t h a n  any s u i t a b l e  bandpass f i l t e r .  

11. BRIEF DESCRIPTION OF TECHNIQUES 

A.  Linear  Phase  F i l t e r i n g  of Multicomponent Data [ 1 ] 

The v e r t i c a l  component of a  seismometer is  added t o  a  t i m e  s h i f t e d  v e r s i o n  

of t h e  h o r i z o n t a l  component. With p roper  t ime s h i f t  t h i s  p rocess ing  can  accen t -  

u a t e  a  l i n e a r l y  p o l a r i z e d  P  wave a r r i v a l  w h i l e  s u p p r e s s i n g  e l i p t i c a l l y  p o l a r i z e d  

Rayle igh  s u r f a c e  wave n o i s e .  

B. Remode [ 2 ]  [ 3 ]  [ 4 1  

A n o n l i n e a r  method t o  a c c e n t u a t e  l i n e a r l y  p o l a r i z e d  p o r t i o n s  of s i n g l e  

s e n s o r  3-component s e i s m i c  d a t a .  

C. Delayed Sum 

The o u t p u t  of each of a  group of seismometers i s  de layed  s o  t h a t  s i g n a l s  

t r a v e l i n g  a t  a  s e l e c t e d  h o r i z o n t a l  phase v e l o c i t y a r e  added c o h e r e n t l y .  Note 

t h a t  t h e  p r e s e n t l y  used system of s u b a r r a y  a d d i t i o n  i s  a  s p e c i a l  c a s e  of de layed  

sum w i t h  z e r o  d e l a y  between channe l s .  Noise which i s  u n c o r r e l a t e d  is reduced 

by a f a c t o r  of 1 / N  i n  power where N is  t h e  number of  seismometers.  Coherent 

n o i s e  w i t h  phase  v e l o c i t i e s  d i f f e r e n t  from t h e  d i r e c t i o n  a t  which t h e  s u b a r r a y  

is  aimed i s  a l s o  reduced;  t h e  amount of r e d u c t i o n  depends on t h e  s u b a r r a y  

p a t t e r n .  

D. Weighted Delay and Sum 

T h i s  p r o c e s s i n g  i s  s i m i l a r  t o  delayed sum p r o c e s s i n g ,  bu t  ampl i tude  weight-  

i n g  of t h e  channe l s  is des igned  t o  maximize t h e  s u p p r e s s i o n  of coheren t  n o i s e .  

The weigh t s  f o r  t h i s  p r o c e s s i n g  can  b e  a d a p t i v e l y  des igned  [ 51  t o  o p t i m i z e  

s u p p r e s s i o n  of a t i m e  v a r y i n g  n o i s e  f i e l d .  The method is  a l s o  u s e f u l  i f  t h e  

n o i s e  l e v e l  i s  unequal  among channe l s .  
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E.  Mult ichannel  Maximum Likel ihood Array Process ing  [ 6  ] [ 7 ] 

The seismometer ou tpu t s  a r e  f i r s t  t ime a l i gned  f o r  t h e  h o r i z o n t a l  phase 

v e l o c i t y  of t h e  s i g n a l .  Then an i n d i v i d u a l  f i l t e r  i s  app l i ed  t o  each channel.  

This  p rocess ing  i s  designed t o  o p e r a t e  where t h e  s i g n a l  i s  t h e  same on each 

channel .  F i l t e r  de s ign  r e q u i r e s  ex t ens ive  d i g i t a l  computation, and t h e  

f i l t e r i n g  a p e r a t i o n  i t s e l f  i s  c o s t l y  i n  computer t ime. This  form of p rocess ing  

can g i v e  l a r g e  S/N improvement when a  wideband s i g n a l  i s  t o  b e  examined and 

coheren t  n o i s e  i s  p re sen t .  

F. Mult ichannel  Weiner F i l t e r i n g  [ 8  ] 

Thi s  form of p rocess ing  i s  s i m i l a r  t o  mul t ichanne l  Maximum Likel ihood 

Process ing ;  however, t h e  f i l t e r s  a r e  designed f o r  a  s i g n a l  modeled a s  a  s t a t i o n -  

a r y  mul t id imens iona l  random process .  

G .  S i n g l e  Channel Bandpass F i l t e r i n g  

Bandpass f i l t e r i n g  can improve S/N i f  t h e  major ene rg i e s  of t h e  s i g n a l  and 

n o i s e  a r e  s epa ra t ed  i n  frequency o r  i f  t h e  s i g n a l  i s  of narrower band t han  t h e  

no i s e .  

He S i n g l e  Channel P r e d i c t i o n  Er ror  F i l t e r i n g  [9 ] 

A f i l t e r  i s  designed based on t h e  n o i s e  t o  p r e d i c t  t h e  n o i s e  ahead i n  t ime. 

The p red i c t ed  n o i s e  i s  s u b t r a c t e d  from t h e  seismometer o u t p u t ,  reducing t h e  

n o i s e  a t  t h e  ou tpu t  of t h e  f i l t e r .  A t  t h e  commencement of t h e  s i g n a l  t h e  f i l t e r  

does n o t  a t t e n u a t e  t h e  s i g n a l ,  s o  t h e  S/N r a t i o  can be improved. This  type  of 

f i l t e r  works b e s t  when t h e  n o i s e  is f a i r l y  narrow band, s o  t h e  f i l t e r  can do 

a  good job of n o i s e  p r e d i c t i o n .  

I. Mult ichannel  P r e d i c t i o n  E r ro r  F i l t e r i n g  [ 10  ]  

The n o i s e  on each channel  i s  p red i c t ed  by apply ing  f i l t e r s  t o  t h e  n o i s e  on 

a l l  t h e  channels .  This  n o i s e  i s  s u b t r a c t e d  from each channel  and a  t r a c e  produced 

f o r  each channel.  When t h e  n o i s e  f i e l d  i s  coheren t  between t h e  channe ls ,  t h i s  

procedure can g i v e  b e t t e r  n o i s e  r educ t i on  than  t h e  s i n g l e  channel  p r e d i c t i o n  e r r o r  

f i l t e r .  

J. Matched F i l t e r i n g  [ 11 ]  [ 121 

I f  t h e  s i g n a l  waveform i s  known, a  matched f i l t e r  can compress i n  t ime a  

d i spe r sed  waveform by removing t h e  d i s p e r s i o n  e f f e c t ,  and thus  g ive  an improve- 

provement of  S /N  equa l  t o  t h e  t i m e  bandwidth produc t .  The matched f i l t e r  i s  

implemented by convolving t h e  s i g n a l  w i th  a  f i l t e r  whose response is t h a t  of 

t h e  known waveform. I n  a d d i t i o n , t h e  a p p l i c a t i o n  of a  matched f i l t e r  a c t s  a s  
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a  bandpass f i l t e r ,  and thus  g i v e s  an a d d i t i o n a l  S/N improvement by r e j e c t i n g  

out-of - s ignal-band n o i s e .  

K. Design of Subarray C o n f i g u r a t i o n  [13]  [14] 

A c o n f i g u r a t i o n  of  seismometers has  a  f requency dependent a r r a y  response  

p a t t e r n .  I n  a r e a s  of coheren t  n o i s e  t h e  placement of s e n s o r s  can  b e  such a s  t o  

pu t  a  low p a r t  of t h e  beam response  a t  t h e  h o r i z o n t a l  phase  v e l o c i t y  of t h e  n o i s e .  

Spacing of  t h e  s e n s o r s  f a r  enough a p a r t  s o  t h e  n o i s e  appears  i n c o h e r e n t  l e a d s  

t o  a 1/ r e d u c t i o n  i n  n o i s e  ampl i tude ,  where N i s  t h e  number of seismometers 

i n  t h e  s u b a r r a y .  

L. B u r i a l  of  Sensors  [15]  [16] [17 1 
I f  n o i s e  i s  composed of Rayleigh waves t h e  n o i s e  ampl i tude  f a l l s  o f f  w i t h  

d e p t h ;  b u r i a l  of s e n s o r s  can l e a d  t o  a  d e c r e a s e  i n  n o i s e  ampl i tude .  I f  n o i s e  

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

d i s t a n c e ,  t h e n  t h e  n o i s e  l e v e l  w i l l  a l s o  f a l l  o f f  w i t h  dep th .  

111. SIGNAL PROCESSING FOR DETECTION OF A MINER 

D e t e c t i o n  of a  t r apped  miner by s e i s m i c  means r e q u i r e s  t h a t  t h e  p resence  of 

a  s i g n a l  is  i d e n t i f i e d  i n  t h e  p resence  of ambient background n o i s e ,  and t h a t  t h i s  

s i g n a l  may be i d e n t i f i e d  a s  t h e  e f f o r t s  of t h e  miner.  I n  t h i s  d e t e c t i o n  s e c t i o n  

w e  f i r s t  c o n s i d e r  what can  b e  done on t h e  subar ray  and i n d i v i d u a l  s e n s o r  t o  i m -  

prove SIN, t h e n  d i s c u s s  how t o  u s e  t h e  subar ray  o u t p u t s  t o  d e t e c t  t h e  m i n e r ' s  

p resence .  

A. Signal-to-Noise Improvement on t h e  I n d i v i d u a l  Sensor  Level  

F i l t e r i n g  methods which could  b e  cons idered  f o r  a p p l i c a t i o n  t o  a  s i n g l e  

skismometer o u t p u t  i n c l u d e  Remode, L i n e a r  Phase F i l t e r i n g  of Multicomponent 

Data,  Bandpass F i l t e r i n g ,  S i n g l e  Channel Weiner F i l t e r i n g ,  S i n g l e  Channel 

P r e d i c t i o n  E r r o r  F i l t e r i n g ,  and Matched F i l t e r i n g .  We now cemment on t h e  

u s e f u l n e s s  of t h e s e  v a r i o u s  methods. 

1. Remode - T h i s  t y p e  of p r o c e s s i n g  w i l l  n o t  b e  u s e f u l  f o r  s e v e r a l  r e a s o n s .  

F i r s t  i t  must b e  des igned  and a p p l i e d  d i g i t a l l y .  For a p p l i c a t i o n  t o  50 s e n s o r s  

a t  a sampling r a t e  of 500 t o  1000 samples p e r  second t h e  conlputation load  would 

b e  f a r  t o o  l a r g e  and n o t  p r a c t i c a l .  Secondly t h e  f i l t e r  i s  designed on t h e  
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in-phase p rope r ty  of t h e  P wave on t h e  h o r i z o n t a l  and v e r t i c a l  seismometers.  

From Westinghouse d a t a ,  i t  appears  t h a t  t h e  a r r i v i n g  P wave i s  almost completely 

l i n e a r l y  p o l a r i z e d ,  b u t  i n  t h e  v e r t i c a l  d i r e c t i o n ,  i . e . ,  no h o r i z o n t a l  ( s ee  

P l o t  49, Westinghouse F i e l d  Report No. 8 ) . *  Because of t h i s ,  t h e  Remode f i l t e r  

des ign  would n o t  work f o r  P waves. However, i t  might work on p a r t  of t h e  l a t e r  

a r r i v a l s .  The reason f o r  t h e  v e r t i c a l  p o l a r i z a t i o n  i s  be l i eved  t o  be  caused by 

t h e  r a y  be ing  ben t  toward t h e  v e r t i c a l  a s  i t  t r a v e r s e s  t h e  low v e l o c i t y  m a t e r i a l  

normally n e a r  t h e  s u r f a c e .  Th i rd ly ,  i t  has  n o t  been e s t a b l i s h e d  t h a t  t h e  am- 

b i e n t  n o i s e  i s  e l l i p t i c a l l y  po l a r i zed  as f o r  a  Rayleigh wave. Fou r th ly ,  imple- 

mentat ion r e q u i r e s  a d d i t i o n  of h o r i z o n t a l  s enso r s  t o  each channel .  

2. L inear  Phase F i l t e r i n g  of Multicomponent Data - This  type of f i l t e r  

might improve t h e  SIN r a t i o ,  by s u b t r a c t i n g  a  p rope r ly  phase-sh i f ted  ve r s ion  

of t h e  h o r i z o n t a l  from t h e  v e r t i c a l  record .  This  could remove some of t h e  

e l l i p t i c a l l y  p o l a r i z e d  n o i s e  from t h e  v e r t i c a l .  It i s  r a t h e r  hard  t o  e s t i m a t e ,  

wi thout  implementing t h e  f i l t e r i n g  on a c t u a l  d a t a ,  how w e l l  i t  w i l l  work. How- 

e v e r ,  i f  t h e  n o i s e  is  predominantly Rayleigh wave from one d i r e c t i o n ,  t h i s  

method could work where Remode does n o t .  This  type  of f i l t e r i n g  could be done 

with  ana log  equipment. Again, i t  would be  r equ i r ed  t o  have h o r i z o n t a l  as w e l l  

as v e r t i c a l  s enso r s .  

3.  Bandpass F i l t e r i n g  - Most of t h e  s i g n a l  energy i s  below approximately 

200 Hz, and f o r  many of t h e  s i g n a l s ,  i t  i s  below 100 Hz. (See F igures  2-11, 

2-12, 2-13 of t h e  Westinghouse Fy '72 Report . )*  Westinghouse d a t a  sugges t s  

t h a t  s i g n i f i c a n t  s e i smic  n o i s e  energy may e x i s t  out  t o  f requenc ies  of 500 

Hz o r  more ( s ee  F igures  2-7, 2-8, 2-9). However, i t s  contaminat ion by 

e l e c t r o n i c  system n o i s e  lowered our  confidence t h a t  t h e  d a t a  r e a l l y  shows 

t h e  presence  of high frequency s e i smic  n o i s e .  I f  t h e  high frequency n o i s e  

shown by Westinghouse i s  indeed s e i smic  n o i s e ,  bandpass f i l t e r i n g  can 

i n c r e a s e  t h e  s igna l - to -no ise  r a t i o .  Judging from t h e s e  f i g u r e s ,  t h e  n o i s e  

could be reduced by 3  t o  6 db by low-pass f i l t e r i n g  below 100-200 Hz wi th  

no s i g n i f i c a n t  l o s s  of s i g n a l  power. I f  s i g n a l  d e t e c t i o n  i s  done by an a n a l y s t  

looking  a t  c l e a r  r eco rds ,  h e  w i l l  do some bandpass f i l t e r i n g  by eye  s o  t h e  low- 

pass  f i l t e r i n g  w i l l  n o t  ga in  much. However, i f  d e t e c t i o n  is  done by au tomat ic  

t h r e sho ld  d e t e c t i o n  o r  by looking  a t  a  ve ry  compressed t ime s c a l e  v i s i c o r d e r  

record ,  i t  is imsor tan t  t o  remove t h e  h igh  frequency n o i s e .  The optimum cu to f f  

* Westinghouse Cont rac t  H0210063 wi th  Bureau of Mines. 
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f requency w i l l  depend on n o i s e  s p e c t r a  and a n  e s t i m a t i o n  of t h e  s i g n a l  s p e c t r a  

expected from t h e  unde tec ted  s i g n a l .  I n  any g i v e n  s i t u a t i o n  a combination of 

t h e o r y  and exper imenta l  d a t a  w i l l  a l l o w  us  t o  e s t i m a t e  t h e  s i g n a l  s p e c t r a .  I n  

g e n e r a l * l o n g e r  t r a v e l  p a t h s  w i l l  lower t h e  average  f requency of t h e  s i g n a l .  It 

i s  c l e a r  from t h e  Westinghouse r e s u l t s  t h a t  a t  some mines narrow band n o i s e  s o u r c e s  

a r e  p r e s e n t .  I n  such  c i rcumstances  a  n o t c h  ( o r  narrow band r e j e c t i o n )  f i l t e r  

shou ld  be  used.  Such f i l t e r s  can  probably  b e s t  b e  implemented w i t h  ana log  

equipment. 

4 .  Matched F i l t e r i n g  - Matched F i l t e r i n g  can  g i v e  a n  improvement i n  SIN by 

compressing t h e  energy of a  d i s p e r s e d  waveform i n  t ime  o r  by simply a c t i n g  as 

a bandpass f i l t e r .  Work w a s  done by Westinghouse t o  e v a l u a t e  matched f i l t e r  

performance.  The f i l t e r  c l e a r l y  g i v e s  a  s i g n i f i c a n t  S / N  improvement. ( s e e  

F i g u r e s  5  and 6,Appendix E of Westinghouse Report . )*  However, t h e  time-bandwidth 

product  of t h e  s i g n a l  i s  n o t  g r e a t  and t h e  matched f i l t e r  does  n o t  seem t o  corn- 

p r e s s  t h e  s i g n a l  i n  t ime.  T h e r e f o r e ,  i t  a p p e a r s  t h a t  t h e  s i g n a l - t o - n o i s e  i m -  

provement o b t a i n e d  by t h e  matched f i l t e r  i s  a  r e s u l t  o n l y  of i t s  bandpass f i l t e r  

c h a r a c t e r i s t i c s .  (The f i l t e r  used does  seem t o  b e  a  r e a s o n a b l e  bandpass f i l t e r  

t o  use . )  I t  does  n o t  appear  t o  p r e d i c t  t h e  s i g n a l  shape  w e l l  enough t o  d e s i g n  

a t r u e  matched f i l t e r ,  and i t  does n o t  appear  t h a t  t h e  s i g n a l  i s  d i s p e r s e d  suf -  

f i c i e n t l y  t o  w a r r a n t  t h e  a t t empt .  

5.  S i n g l e  Channel P r e d i c t i o n  E r r o r  F i l t e r i n g  - This  t y p e  of f i l t e r i n g  i s  

most u s e f u l  when t h e  n o i s e  i s  f a i r l y  narrow banded. Then i t  i s  a b l e  t o  p r e d i c t  

t h e  n o i s e  ahead f a i r l y  w e l l  and s u b t r a c t  i t  from t h e  t r a c e .  The s p e c t r a l  d a t a  

show t h a t  t h e  n o i s e  i s  wideband and t h u s  i t  would n o t  b e  expected t h a t  p r e d i c -  

t i o n  e r r o r  f i l t e r i n g  cou ld  make a  l a r g e  s / N  improvement. When t r i e d  by Westing- 

house t h e  P r e d i c t i o n  E r r o r  f i l t e r  provided e s s e n t i a l l y  no improvement ( s e e  

Westinghouse Fy '72 Repor t ,  Appendix E, page 29).  * 
6. B u r i a l  of Sensors  - Large S / N  improvement may b e  p o s s i b l e  by bury ing  t h e  

s e n s o r s .  Very l i t t l e  i n f o r m a t i o n  seems t o  b e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  f o r  t h e  

f requency r a n g e  of 30 t o  200 Hz. ( I  a l s o  spoke t o  s e v e r a l  peop le  i n  e x p l o r a t i o n  

seismology and w a s  t o l d  t h a t  because  of t i m e  and c o s t s ,  they  do n o t  normal ly  bury 

geophones.) A t  t h e  much lower  f r e q u e n c i e s  of 1 t o  5  Hz b u r i a l  of a  few hundred 

f e e t  can  g i v e  n o i s e  r e d u c t i o n s  of  20 t o  40 db. ( S e r i f f ,  A . J . ,  e t .  a l . ,  Seismic  

Noise  i n  Deep Boreho les ,  C o n t r a c t  No. AF 19  628-2785, S h e l l  ~ e v e l o p m e n t  Co., 

Houston, Texas,  J u n e  21, 1965.) 

* Ibid. 

Arthur D Little Inc. 



The n o i s e  r e d u c t i o n  i s  g r e a t e r  on windy days .  S i n c e  t h e  s u r f a c e  n o i s e  

l e v e l  i s  h i g h  on windy days ,  even g r e a t e r  S/N g a i n  can b e  o b t a i n e d  under  t h i s  

c o n d i t i o n .  

The amount of  S / N  g a i n  o b t a i n a b l e  by b u r i a l  under v a r i o u s  n o i s e  c o n d i t i o n s  

canno t  be  e s t i m a t e d  because  we p r e s e n t l y  have no d a t a  on t h e  s p a t i a l  coherence  

o r  t h e  d e p t h  v a r i a t i o n .  The t h e o r e t i c a l  d i s c u s s i o n  i n  t h e  Westinghouse R e p o r t ,  

Appendix C ,  d i s c u s s e s  some of  t h e  p o s s i b l e  r e a s o n s  f o r  t h e  d e c r e a s e  i n  n o i s e  

l e v e l .  I t  i s  u n f o r t u n a t e  t h a t  t h e  e x p e r i m e n t a l  program d i s c u s s e d  i n  Appendix C 

was t e r m i n a t e d  b e f o r e  d a t a  cou ld  be  a n a l y z e d .  Before  any e s t i m a t e  can b e  made 

of  S/N improvement, d a t a  must be  ana lyzed  t o  g e t  e m p i r i c a l  n o i s e  r e d u c t i o n s  and 

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

a v a i l a b l e ,  examina t ion  may a l l o w  some e s t i m a t e s  of  S/N improvements a s  a  f u n c t i o n  

o f  d e p t h  of  b u r i a l .  The o n l y  a v a i l a b l e  r e s u l t s  a r e  from S e c t i o n  11-4.4 of t h e  

Westinghouse Repor t .  Here n o i s e  r e d u c t i o n  o f  1 9  db a t  30 Hz; 44 db a t  100 Hz; 

and 55 db a t  250 Hz were o b t a i n e d  f o r  a  se ismometer  i n  a  23-foot b o r e h o l e  r e l a t i v e  

t o  a  s u r f a c e  se ismometer .  The d a t a  i s  from t h e  USBM S a f e t y  Research Mine, and i s  

f o r  d a t a  t aken  d u r i n g  a  h a r d  r a i n  ( s e e  F i g u r e  2.4-4,  Westinghouse R e p o r t ) . *  

a d d i t i o n  t h e r e  a r e  i n d i c a t i o n s  ( s e e  P a r t  Two, IV) t h a t  below a s u r f a c e  a l l u v i u m  

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

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

f o r  a  se ismometer  below t h e  a l luv ium.  So i t  i s  c l e a r  t h a t  e f f e c t s  on t h e  s i g n a l  

a s  w e l l  a s  n o i s e  r e d u c t i o n  r e s u l t i n g  from b u r i a l  shou ld  be  s t u d i e d .  The 

e x p e r i m e n t a l  and t h e o r e t i c a l  approach shou ld  b e  combined. 

The range  of  d e p t h s  which shou ld  b e  s t u d i e d  i n  t h e  program shou ld  ex tend  

t o  a s  g r e a t  a  d e p t h  a s  i t  might  b e  f e a s i b l e  t o  implan t  se ismometers  a f t e r  a  mine 

a c c i d e n t .  I f  i t  i s  f e a s b i l e  t o  lower  o r  p re -p lace  se ismometers  i n  t h e  c o a l  

seams, t h e  s i g n a l s  and n o i s e  l e v e l s  i n  seams shou ld  be  s t u d i e d .  

I w i l l  n o t  a t  p r e s e n t  make a  complete  d i s c u s s i o n  of t h e  s i g n a l  e f f e c t s  of  

b u r i a l .  However, t h e r e  are some c o n d i t i o n s  under  which t h e  s i g n a l  may a l s o  b e  

reduced i n  s t r e n g t h  w i t h  b u r i a l  which s h o u l d  n o t  b e  over looked .  For example,  a  

s i n u s o i d a l  P-wave, v e r t i c a l l y  i n c i d e n t  upon a  p e r f e c t l y  r e f l e c t i n g  i n t e r f a c e  i n  

a  l o s s l e s s  medium can produce a v e r t i c a l  s t a n d i n g  wave p a t t e r n  whose ampl i tude  

i s  g i v e n  by A c o s  [2nfz /Vp] ,  whre z  i s  d e p t h .  For  f=100 Hz, and V =2000 f t / s e c ,  
P  

t h e  f i r s t  n u l l  o f  t h i s  s t a n d i n g  wave p a t t e r n  w i l l  o c c u r  a t  z=5 f t .  

* I b i d .  
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B. S igna l  Process ing  a t  t h e  Subarray Terminal Level 

1. Delayed Sum Processing - This  type  of p rocess ing  can g i v e  ga in s  of 1 / N  i n  

power (N i s  number of s enso r s  i n  t h e  subar ray)  f o r  'random' n o i s e ,  and a  g a i n  

depending on t h e  beam p a t t e r n  f o r  coheren t  no i s e .  S igna l  l o s s ,  because of 

d i f f e r e n c e s  i n  s i g n a l  shape must be  considered a l s o .  

Let  u s  assume t h a t  t h e  t r a c e s  a r e  t ime a l i gned  so  t h e  s i g n a l s  of i n t e r e s t  

add. The delayed sum outpu t  i s  

where f i  ( t )  i s  t h e  i n d i v i d u a l  s enso r  ou tpu t .  I f  t h e  n o i s e  of t o t a l  power,Pin, i s  

composed of a  coheren t  f r a c t i o n  C ( i n  power) then  t h e  f r a c t i o n  of n o i s e  power 

which i s  incoheren t  i s  (1-C). (We c a u t i o n  t h a t  t h e  coherent  p o r t i o n  of n o i s e  

depends on t h e  sensor  spacing.  For example a l l  n o i s e  w i l l  appear coheren t  i f  

s enso r s  a r e  c l o s e  t oge the r ,  and a l l  n o i s e  w i l l  appear  incoheren t  i f  t h e  s enso r s  

a r e  moved f a r  enough a p a r t . )  I f  t h e  beam response  of t h e  subar ray  reduces  t h e  

coheren t  n o i s e  power by a  f a c t o r  of G then  t h e  n o i s e  on t h e  ou tpu t  i s  

I f  t h e  subar ray  i s  l a r g e  enough t h e  n o i s e  r educ t i on  w i l l  always go t o  1 / N  i n  

power. F a i l u r e  t o  o b t a i n  1 / N  g a i n  is  only an i n d i c a t i o n  t h a t  t h e  n o i s e  is  

coheren t  t o  some e x t e n t .  The Westinghouse exper ience  w i th  subar ray  summing 

i s  no t  r e p r e s e n t a t i v e  of t h e  improvements t h a t  can be  achieved w i t h  t h i s  tech- 

nique. 

Measurement of t h e  n o i s e  s p a t i a l  coherency [ 1 3 1  between s enso r s  a s  a  func- 

t i o n  of s e p a r a t i o n  can be  used t o  dec ide  t h e  necessary  s e p a r a t i o n  between sen- 

s o r s  t o  g e t  c l o s e  t o  1 / N  n o i s e  r educ t i on ,  l a r g e r  coherence d i s t a n c e s  demanding 

l a r g e r  s e p a r a t i o n s .  The d a t a  t aken  t o  d a t e  above c o a l  mines i s  i n s u f f i c i e n t  

t o  form a  b a s i s  upon which I can make a  recommendation of subar ray  element 

spac ing ,  because t h e  subar ray  de s ign  n u s t  r e f l e c t  t h e  n o i s e  f i e l d  encountered 

t h e r e .  

There  i s  another  c o n s i d e r a t i o n  i f  t h e  d i s t a n c e  over  which t h e  n o i s e  i s  

coheren t  f o r c e s  u s  t o  a  l a r g e  diameter  subar ray .  I f  t h e  a r r a y  i s  no t  sma l l  

* References  t o  F igures ,  Table ,  and Equations apply t o  t hose  i n  t h i s  P a r t  u n l e s s  
o therwise  noted.  

Arthur D Little Inc 



compared t o  t h e  s i g n a l  h o r i z o n t a l  wavelength,  s i g n a l  ampli tude dec rea se s  and 

d i s t o r t i o n  w i l l  occur  u n l e s s  t h e  subar ray  i s  s t e e r e d  toward t h e  s i g n a l .  Le t  

us  assume t h a t  we form t h e  sum wi th  no t ime de l ays  f o r  a  s i g n a l  of 10,000 f t /  

s e c  h o r i z o n t a l  phase v e l o c i t y ,  and frequency of 100 Hz. Typ ica l l y  an a r r a y  w i t h  

seismometers w i t h i n  a  c i r c l e  of d iameter  d  w i l l  have l e s s  than  3 db s i g n a l  reduc- 

t i o n  i f  < 0.25. Thus d  could be  a s  g r e a t  a s  25 f t .  f o r  l e s s  than 3 db v 
n  

s i g n a l  l o s s .  I n  t h e  d e t e c t i o n  mode, we do no t  know t h e  d i r e c t i o n  and horizon- 

t a l  phase v e l o c i t y  of t h e  s i g n a l .  I f  it were necessary  t o  go t o  a  l a r g e r  

subar ray  d iameter ,  o r  i f  t h e  h o r i z o n t a l  phase v e l o c i t y  were l e s s  t han  10,000 

f t / s e c ,  i t  might be necessary  t o  form a few delayed sum beams, perhaps 5  a t  

each subar ray ,  i n  o r d e r  t o  prevent  exces s ive  s i g n a l  l o s s .  This  t ype  of pro- 

ce s s ing  can be implemented w i th  analog equipment. 

2 .  Weighted Delay and Sum - I f  t h e  n o i s e  i s  unequal and unco r r e l a t ed  on t h e  

seismometers of a  suba r r ay ,  then  unequal weight  w i l l  g i v e  a  g r e a t e r  n o i s e  re-  

duc t i on  than  equa l  weight ing.  This  type  of weight ing i s  c a l l e d  Brennen combining. 

I f  t h e  n o i s e  i s  i n  t h e  main coherent  and coming from a sma l l  number of f i x e d  

sources ,unequa l  weight ings  of t h e  seismometers can be used t o  shape t h e  subar ray  

beam t o  r e j e c t  t h e  coheren t  no i s e .  This  t ype  of p rocess ing  can probably be i m -  

plemented w i t h  analog equipment. [I81 

3 .  Subarray Conf igura t ion  - I f  t h e  n o i s e  i s  i n  t h e  main propagat ing a t  a  

s i n g l e  v e l o c i t y ,  such a s  t h e  Rayleigh wave v e l o c i t y ,  proper  c o n s t r u c t i o n  of t h e  

subar ray  geometry may produce an important  n o i s e  reduc t ion .  Namely, t h e  diameter  

of t h e  a r r a y  can be chosen t o  g i v e  a  near  n u l l  a t  t h e  Rayleigh wave v e l o c i t y .  

This  has  been w e l l  d i s cus sed  i n  t h e  Westinghouse Report .  We n o t e  t h a t  i n  prac- 

t i c e  i t  may be inconvenien t  t o  f i r s t  s e t  up s enso r s  t o  determine n o i s e  p r o p e r t i e s ,  

t hen  redeploy t h e  s enso r s  t o  g i v e  a  b e t t e r  subar ray  beam p a t t e r n .  

4. Methods of Mult ichannel  F i l t e r i n g  - It was suggested i n  Appendix E of 

t h e  Westinghouse Report  t h a t  complex s i g n a l  p rocess ing  methods might be u s e f u l .  

Such methods i n c l u d e  Mult ichannel  Maximum Like l ihood ,  Mult ichannel  Weiner, and 

Mult ichannel  P r e d i c t i o n  E r ro r  F i l t e r i n g .  I w i l l  no t  go i n t o  d e t a i l ;  however, I 

do n o t  f e e l  t h e s e  methods would be a p p r o p r i a t e  f o r  subar ray  o r  f u l l  a r r a y  a p p l i -  

c a t i o n .  These methods r e q u i r e  f o r  S/N improvement t h a t  t h e  n o i s e  be h igh ly  

coherent  and t ime  s t a t i o n a r y ,  t h a t  t h e  s i g n a l  be h igh ly  coheren t  between s e n s o r s ,  
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and t h a t  t h e  g a i n s  on t h e  v a r i o u s  channe l s  b e  c a r e f u l l y  matched. I t  i s  p r o b a b l e  

t h a t  some o r  a l l  t h e s e  c o n d i t i o n s  w i l l  b e  v i o l a t e d .  These methods r e q u i r e  a  

v e r y  l a r g e  computing f a c i l i t y  f o r  t h e  sampl ing r a t e  under q u e s t i o n .  

5 .  R e p e t i t i o n  of Source  Blows - Summation of r e p e a t e d  s o u r c e  blows w i l l  a lways  

reduce  t h e  n o i s e  power by 1 / ~ .  T h i s  was borne  o u t  i n  w e s t i n g h o u s e ' s  work. They 

a l s o  showed t h a t  when t h e  t r a c e s  cou ld  be  p r o p e r l y  t i m e  a l i g n e d  no s i g n i f i c a n t  

s i g n a l  l o s s  occur red .  I t  was a l s o  shown t h a t  i f  t h e  t r a c e s  could  n o t  be  p r o p e r l y  

a l i g n e d  some s i g n a l  l o s s  o c c u r r e d ,  s o  t h e  S/N g a i n  was n o t  a s  g r e a t  a s  N i n  power. 

(See F i g u r e  I1 2-15, Westinghouse Repor t . )  

I n  t h e  d e t e c t i o n  mode i f  t h e  m i n e r ' s  s i g n a l  has  n o t  been i d e n t i f i e d  on any 

channe l ,  i t  w i l l  no t  b e  p o s s i b l e  t o  t i m e  a l i g n  s u c c e s s i v e  s i g n a l s  f o r  S/N 

improvement. Thus t h e  measurement of S/N g a i n  w i l l  n o t  b e  a v a i l a b l e  when needed 

most. However,if a  s i g n a l  i s  s e e n  a t  i n t e r v a l s  on a  s i n g l e  s u b a r r a y  o u t p u t  t h e  

method can  be  used t o  d e t e r m i n e  i f  t h e  s i g n a l  i s  on o t h e r  s u b a r r a y  o u t p u t s .  T h i s  

cou ld  b e  u s e f u l  t o  v e r i f y  t h a t  t h e  s i g n a l  on t h e  b e s t  channe l  i s  i n  f a c t  due  

t o  a  s i g n a l i n g  miner and n o t  t o  some unimportant  s i g n a l  s o u r c e ,  such a s  a  banging 

d o o r ,  n e a r  t h e  one s u b a r r a y .  

C. D e t e c t i o n  P r o c e s s i n g  on t h e  F u l l  Array Leve l  

W e  s t a r t  w i t h  t h e  s i g n a l  o u t p u t s  from t h e  s e p a r a t e  s u b a r r a y s .  I do n o t  t h i n k  

t h a t  any s o r t  of m u l t i c h a n n e l  f i l t e r i n g  w i l l  b e  u s e f u l  f o r  combining t h e  s u b a r r a y  

o u t p u t s .  I t  w i l l  b e  found,  I ' m  s u r e ,  t h a t  t h e  n o i s e  i s  i n c o h e r e n t  between sub- 

a r r a y s .  Even s i m p l e  d e l a y  and sum p r o c e s s i n g  w i l l  n o t  b e  p r a c t i c a l .  There  

cou ld  b e  a s  much a s  200 m s .  d e l a y  between s u b a r r a y  a r r i v a l  t imes .  T h i s  d e l a y  

i s  n o t  known b e f o r e  d e t e c t i o n .  To c o h e r e n t l y  sum s e n s o r s  w i t h  100 Hz energy they 

must b e  p r o p e r l y  a l i g n e d  t o  w i t h i n  1 m s e c .  o r  b e t t e r .  Thus t h e r e  a r e  200 pos- 

s i b l e  r e l a t i v e  d e l a y s  between each p a i r  of  s u b a r r a y  o u t p u t s .  I t  i s  c l e a r  t h a t  

d e l a y  and sum would impose a n  i m p o s s i b l e  computa t iona l  l o a d .  

I n  t h e  d e t e c t i o n  mode t h e  a r r a y  p r o c e s s o r  must h a n d l e  a  g r e a t  d e a l  of  d a t a .  

I f  t h e  p r o c e s s i n g  is  done d i g i t a l l y  a  sampl ing r a t e  on t h e  o r d e r  of  1000 samples /  

s e c  p e r  s u b a r r a y  is  needed.  Thus 7000 samples p e r  s e c  a r e  coming i n .  Thus i t  

i s  p r o b a b l e  t h a t  t h e  s i g n a l  p r o c e s s i n g  f o r  d e t e c t i o n  must b e  f a i r l y  s imple .  The 

most r e a s o n a b l e  way t o  d e t e c t  t h e  miner  i s  t o  u s e  a  c r i t e r i a  t h a t  a  s i g n a l  be 

d e t e c t e d  on s e v e r a l  s u b a r r a y s  w i t h i n  some t ime window r e p r e s e n t i n g  t h e  e s t i m a t e d  

t r a v e l  t ime  d i f f e r e n c e s  between t h e  s u b a r r a y s .  T h i s  w i l l  b e  u s e f u l  i f  t h e  S / N  
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is  no t  much g r e a t e r  on one of t h e  subar rays  than  on t h e  o t h e r s .  By u se  of t h i s  

' co inc idence  d e t e c t i o n '  ,a d e t e c t i o n  can be made a t  a  lower s i g n a l  t h r e sho ld  f o r  

a  f i x e d  ' f a l s e  a larm'  r a t e  than would be  p o s s i b l e  f o r  a  s i r i g l e  subar ray .  

The t h r e sho ld  t h a t  should be used f o r  a  d e t e c t i o n  on each subar ray  s i g n a l  

should be  s e t  a t  3 t imes t h e  RMS n o i s e  l e v e l  on t h a t  channel.  I f  t h e  n o i s e  

l e v e l  i s  no t  t ime s t a t i o n a r y ,  t h e  l e v e l  should b e  s e t  by, f o r  example, s e t t i n g  

t h e  t h r e sho ld  a t  3 t imes t h e  RMS n o i s e  l e v e l  over  t h e  l a s t  30 seconds.  (Geotech 

and Linco ln  Labo ra to r i e s  have done ex t ens ive  work on d e t e c t i o n  c r i t e r i a  f o r  

nuc l ea r  d e t e c t i o n . )  

A s  p o s s i b l e  s i g n a l s  a r e  d e t e c t e d ,  t h e  d a t a  f o r  t h e s e  d e t e c t i o n s  should ,  of 

course ,be  saved f o r  u s e  i n  t h e  l o c a t i o n  process .  

I V .  SIGNAL PROCESSING EFFECTS RELATED TO LOCATION 

Af t e r  a  miner has  been d e t e ~ t e d ~ p o r t i o n s  of t h e  d a t a  con t a in ing  s i g n a l s  

can be  reprocessed  t o  improve a r r i v a l  t ime e s t ima te s .  The summing up of repea ted  

sou rce  blows is  u s e f u l  f o r  improving s i g n a l  t o  no i s e .  

The summing up of t h e  seismometers of a  subar ray  improves SIN. However, i f  

d i r e c t  sum wi th  no de l ays  i s  u sed , t hen  some s l i g h t  s i g n a l  d i s t o r t i o n  can occur  

s i n c e  t h e  s i g n a l s  a r e  added w i t h  s l i g h t  misalignment.  A s imple  ske t ch  of t h i s  

e f f e c t  i s  given i n  F igure  1. This  summing w i l l  i n  gene ra l  make t h e  f i r s t  break 

somewhat l e s s  sharp  and w i l l  d i s t o r t  t h e  waveform s l i g h t l y .  The a r r i v a l  t ime 

reading e r r o r  which could r e s u l t  might be  on t h e  o rde r  of 2 m s .  I t  is  d i f f i c u l t  

t o  s ay  i f  t h e  n o i s e  r educ t i on  would compensate f o r  t h i s .  The magnitude of t h e  

s i g n a l  d i s t o r t i o n  w i l l  i n c r e a s e  a s  t h e  s i z e  of t h e  subar rays  a r e  increased .  One 

means of a l l e v i a t i n g  t h i s  e f f e c t  would be t o  pu t  i n  a  de l ay  l i n e  f o r  each s e i s -  

mometer a f t e r  t h e  approximate l o c a t i o n  i s  found. This  would a l i g n  t h e  t r a c e s  i n  

t h e  subar ray  sum. 

The matched f i l t e r  proposed i n  Appendix E*has some advantage. The S/N r a t i o  

i s  improved. However, a s  s t a t e d  p r ev ious ly  t h i s  i s  due t o  t h e  bandpass f i l t e r i n g  

e f f e c t  whereby t h e  f i l t e r  removes h igh  frequency no i se .  The matched f i l t e r  does 

no t  g e t  SIN improvement by compressing a  d i spe r sed  wave t r a i n .  F i l t e r i n g  by t h e  

f i l t e r  cons t ruc t ed  i n  F igure  3 of t h e  Westinghouse Fy '72 Report ,  Appendix E ,  

changes t h e  s i g n a l  waveform. Here t h e  s i g n a l  d i s t o r t i o n  i s  no t  g r e a t ,  a s  shown 

* Westinghouse Fy '72 Report ,  Cont rac t  
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i n  F i g u r e  2.  Howeveq an example t a k e n  from [ l l ]  shows how a  s l i g h t l y  d i f f e r e n t  

matched f i l t e r  can  change t h e  o u t p u t  waveform and r e v e r s e  p o l a r i z a t i o n .  One 

s e t  o f  West inghouse  d a t a  was a v a i l a b l e  t o  d e t e r m i n e  how t ime p i c k s  on t h e  un- 

f i l t e r e d  d a t a  compared t o  t h e  p i c k s  made on matched f i l t e r e d  d a t a .  I n  Appendix 

E  a r r i v a l  t imes  were  p i c k e d  on match f i l t e r e d  d a t a ,  (Appendix E, T a b l e  1 ) .  

The a n a l v s t ' s  t i m e  p i c k s  on t h i s  d a t a ,  b e f o r e  matched f i l t e r i n g ,  were  found 

on t h e  i n p u t  t o  t h e  computer  l o c a t i o n  program i n  F i e l d  Repor t  No. 4 . *  For  b o t h  

s e t s o f  t ime p i c k s  we c a l c u l a t e d  t h e  a r r i v a l  t imes  r e l a t i v e  t o  c h a n n e l  6 .  

(Only f o u r  c h a n n e l s  were  picke.d i n  Appendix E . )  T a b l e  1 shows t h e  compar ison.  

Channel  

Number 

1 

D i f f e r e n c e  

TABLE 1 - COMPARISON OF ARRIVAL TIMES 

A-T - A-T - 
Matched F i l t e r  S i g n a l  F i e l d  R e p o r t  4  

16.25 m .  s e c .  1 2 . 8  m.  s e c .  + 3 . 4  m .  s e c .  

1 0 - 3 0  m .  s e c .  9 . 7  m .  s e c .  1 . 6  m .  s e c .  

14 .25  m .  s e c .  16 .3  m. s e c .  -2 .1  m .  s e c .  

Thus we f e e l  t h a t  t h e  t ime  p i c k s  from t h e  matched f i l t e r  o u t p u t  may b e  

i n  e r r o r  on t h e  o r d e r  o f  2  m .  s e c .  T h i s  i s  t o  b e  c o n t r a s t e d  t o  t h e  RMS s c a t t e r  

of  t i m e  p i c k s  on t h e  matched f i l t e r e d  d a t a  o f  from 1 . 0 0  t o  0 . 7 1  m .  s e c .  (ms) 

g i v e n  i n  West inghouse ,  Appendix E .  

I n  g e n e r a l ,  e x c e p t  i n  v e r y  h i g h  s i g n a l  t o  n o i s e  s i t u a t i o n s  where  f i r s t  

b r e a k s  can  b e  s e e n ,  a n  e r r o r  of  1 o r  2  m s  w i l l  p robab ly  have  t o  b e  t o l e r a t e d .  

However, i f  a  h a l f  c y c l e  i s  m i s s e d ,  t h i s  w i l l  i n t r o d u c e  a p p r o x i m a t e l y  a  10-15 

m s  e r r o r .  Da ta  p r o c e s s i n g  s h o u l d  p r o b a b l y  c o n c e n t r a t e  on methods t o  a v o i d  

t h i s  m i s s i n g  of  a  h a l f  c y c l e .  I n  p a r t i c u l a r  i t  may b e  h e l p f u l  t o  d e t e r m i n e  t h e  

p o l a r i z a t i o n  t o  b e  e x p e c t e d  a t  each  s i t e  when we have  a  rough f i x  on  t h e  s o u r c e  

l o c a t i o n .  

* West inghouse  C o n t r a c t  H0210063. 
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