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a-(Us*aa~-~ A new p o s t - d i s a s t e r  s i g n a l l i n g  system f o r  t h e  Bureau of 
Mines, u s ing  through- the-ear th  EM propaga t ion ,  was s u c c e s s f u l l y  f i e l d -  
t e s t e d  i n  t h e  Lake Lynn t e s t  mine. Suc:cessful d e t e c t i o n  a t  an  e s t ima ted  
i n p u t  SNR of -30dB was accomplished us ing  a cohe ren t  i n t e g r a t i o n  t ime  of 
4.46 minutes .  

The t r a n s m i t t e d  waveform c o n s i s t e d  of a r e p e a t i n g  pseudonoise maximal 
l e n g t h  sequence phase modulat ing a 1950Hz c a r r i e r .  The r e c e i v e r  used a 

I sliding-window -matched f i l t e r ,  op t ima l  f o r  s i g n a l  known e x a c t l y  excep t  f o r  
phase and s t a r t i n g  t ime,  implemented vi.a a  s p e c i a l  purpose p roces so r .  I 
P a r a l l e l  p roces s ing  p e r m i t s p a d a p t i v e  ~ i . ~ n a l l i n ~ ,  where t h e  d e t e c t i o n  ( i n -  
t e g r a t i o n )  t i m e  i s  determined by t h e  ac! tual  i n p u t  SNR encountered.  

I This  f i e l d  t e s t  demons t ra tes  a tra.pped miner d e t e c t i o n  system t h a t  i s  
about  36dB more s e n s i t i v e  t han  a c u r r e n t  pu l sed  system. This  i n c r e a s e d  
s e n s i t i v i t y  pe rmi t s  some d e s i r e d  combination of  i nc rea sed  range ,  s h o r t e r  
d e t e c t i o n  t i m e ,  and reduced t r a n s m i t t e r  power o r  an tenna-s ize .  The com- 
b i n a t i o n  of  pulse-compress ion- type-s ignal ,  cohe ren t  i n t e g r a t i o n ,  p a r a l l e l -  
p roces s ing ,  and o u t p u t  peak-de tec t ion  a lgo r i t hms  permi t  implemention of a n  
u l t r a - r e l i a b l e  d e t e c t i o n  system. The same combination i s  compat ible  w i th  
d i g i t a l  Pu l se  P o s i t i o n  Modulation and Eimitter p o s i t i o n  l o c a t i o n  s t r a t e g i e s .  
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FIELD TEST OF A POST DISASTEF! COMMUNICATION SYSTEM 

M. P. R i s t e n b a t t ,  E .  K .  Holland-Moritz and K. Metzger 

1. In t roduc t ion  - --- 
The o b j e c t i v e  of t h i s  e f f o r t  was t o  document t h e  f i e l d  

performance of a p o s t  d i s a s t e r  mine s i g n a l l i n g  system t h a t  
r e c e n t l y  has  been demonstrated i n  t h e  l a b o r a t o r y  (Ref.  1, 2 ) .  
The t h r e e  major o b j e c t i v e s  of our e f f o r t  were: 1) prepare  
t r a n s m i t t e r s  by des ign ing  and adding a  new s i g n a l  gene ra to r  t o  an 
e x i s t i n g  Bureau of Mines t r a n s m i t t e r ;  2 )  coopera te  with t h e  
Bureau of Mines i n  ob ta in ing  recorded d a t a  dur ing  f i e l d  t e s t s ;  
and 3 )  process  and ana lyze  t h e  t ape  recorded d a t a  from t h e  f i e l d  
t e s t .  

2. Background - --- 
The Burem of Mines c u r r e n t l y  has  a s i g n a l l i n g  system which 

is intended t o  permit  a t rapped miner t o  t r a n s m i t  a p e r i o d i c  
s i g n a l  t o  t h e  s u r f a c e ,  o r  t o  an i n t e r i o r  r e c e i v e r ,  us ing 
through-the-ear t h  electro-magnet i c  wave propagat ion.  The 
t r a n s m i t t e d  s i g n a l  is a low audio  frequency p u l s e  with a d u r a t i o n  
of 0.1 second which r e p e a t s  every second. The frequency of t h e  
tone is s e l e c t e d  t.o f a l l  between the  harmonics of 60 Hz, which 
a r e  s i g n i f i c a n t  background no i se  c o n t r i b u t o r s .  The r e c e i v e r  
p i c k s  up t h e  s i g n a l  on a  loop  antenna and t r a n s l a t e s  i t  t o  1600 
Hz. The s i g n a l  is  narrowband f i l t e r e d  and presen ted  t o  t h e  
ope ra to r  by earphones and a  v i s u a l  meter i n d i c a t o r .  The ou tpu t  
of the  r ece ive r  c o n s i s t s  of  t h e  no i se  from the  ( 3 0  Hz-wide) 
c a r r i e r  frequency band t r a n s l a t e d  t o  1000 Hz accompanied by 
p o s s i b l e  l 0 0 @  Hz s i g n a l  pu l se s .  Detect ion i n  a no isy  background 
depends on a  number of succes s ive  s i g n a l  p u l s e s  being high enough 
above the  (1000 Hz) background no i se  so  t h a t  t he  ope ra to r  can 
recognize  t h e  1 second spac ing .  In e f f e c t ,  t h e  r e c e i v e r  c o n s i s t s  
of a  "front-end'  bandpass-amplif ier  , i n  combinat ion with t h e  ee r  
(o r  eye)  p l u s  b r a i n .  

Af te r  a  s i g n a l  i s  d e t e c t e d ,  t h e  ope ra to r  uses  h o r i z o n t a l  
(walking) displacement ,  and r o t a t i o n  of t h e  loop t o  l o c a t e  n u l l s  
i n  t he  v e r t i c a l  o r  h o r i z o n t a l  magnetic f i e l d  of t h e  t r a n s m i t t e r .  
This  a l lows l o c a t i n g  a  p o i n t  d i r e c t l y  above t h e  t r a n s m i t t e r .  

In our predecessor  l a b o r a t o r y  demonstra t ion work (Ref. 2 )  , 
we v e r i f i e d ,  us ing observer  t e s t s  and t h e o r e t i c a l  models, t h a t  i n  



Gaussian n o i s e ,  t h i s  system r e q u i r e s  an input  s igna l - to -no i se  
r a t i o  (SNR) of about 6 dB f o r  s p e c i f i e d  d e t e c t i o n  performance. 

A p r i o r  s tudy  (Ref.  I ) ,  showed t h z t  s i g n a l  d e t e c t i o n  a t  a 
much lower SNR would be p o s s i b l e  i n  t he  Mine Di sas t e r  
Communication system i f ;  1) t h e  1 / 1 W  second c a r r i e r  p u l s e ,  
repeated each second,  were replaced w i t h  a cont inuous c a r r i e r  
phase modulated by a  r zpea t  ing b inary  pseudo-noise (PN) maximal 
sequence;  and 2 )  t he  human ope ra to r  w i t h  earphones were rep laced  
by a  d i g i t a l  matched f i l t e r  f o r  coheren t  i n t e g r a t i o n  of one o r  
more pe r iods  of t h e  b inary  PN s i g n a l .  

Important  a s p e c t s  of t h e  new system a r e :  

1) coherent  i n t e g r a t i o n  of t h e  s i g n a l  "known e x a c t l y  except  
fo r  phase and s t a r t i n g  t ime , "  over t ime i n t e r v a l s  from 
( s a y )  1 7  seconds up t o  ( s ay )  17 minutes .  

the  FN (maxima?-length sequence) s i g n a l  implements a 
l a r g e  time-bandwidth product  s i g n a l ,  having an i d e a l  
a u t o c o r r e l a t i o n .  The t r znsmi t t ed  PN s i g n a l  is a 
cons t an t  ampli tude phase-modulated s i g n a l .  A t  t he  same 
t ime ,  the  r ece ive r  o u t p u t ,  a f t e r  matched f i l t e r i n g ,  i s  a  
pu lse  occur ing a t  one of 255  p o s s i b l e  pu lse  p o s i t i o n s .  
This  p rov ides :  ( a )  a p r a c t i c a l  way f o r  observing t h e  
a c t u a l  no i se  background dur ing s i g n a l l i n g  , a t  t h e  t imes  
between pu l se s .  ( b )  t h e  a b i l i t y  t o  r ece ive  up t o  255  
d i f f e r e n t  s i g n a l s  wi thout  i n t e r f e r e n c e  i n  one 3 @  Hz 
bandwidth based on d i f f e r e n t  PN sequence s t a r t i n g  t imes 
(assuming no o s c i l l a t o r  d r i f t ) .  These could be a larms 
from o the r  miners o r  s i g n a l  codes used f o r  communication 
dur ing rescue  o p e r a t i o n s .  ( c )  a r e c e i v e r  which can be 
made more r e s i s t a n t  t o  both pu l se  and CW i n t e r f e r e n c e  
than the  p re sen t  pu l se  r e c e i v e r .  ( d )  a  cont inuous 
t r ansmi t t ed  s i g n a l  which can be measured by a s imple  
r ece ive r  f o r  l o c a t i n g  n u l l s ,  a f t e r  t h e  s i g n a l  phase and 
sequence s t a r t i n g  t ime a r e  determined by an alarm 
rece ive r  . 

3 )  a p a r a l l e l  r e c e i v e r  p rocess ing  is used which 
s imul taneous ly  t e s t s  f o r  p o t e n t i a l  alarm s i g n a l s  a f t e r  
i n t e g r a t i o n  over 1, 4 ,  1 6  and 6 4  sequence pe r iods .  T h i s  
a l lows rapid  response t o  s t r o n g  s i g n a l s ,  wi thout  t h e  
r i s k  of l o s i n g  alarms under l e s s  f avo rab le  cond i t i ons .  

In the  immediately preceding work (Ref.  2 )  , we demonstrated 
in  the  l a b o r a t o r y  s u c c e s s f u l  o p e r a t i o n  i n  whi te  Gaussian no ise  a t  

an input  SNR of -34  d 8 . l  Th is  performance requi red  coheren t  

' ~ a u s s i a n  n o i s e  i s  t h e  wors t  c a s e ,  s i n c e  it i s  u n p r e d i c t a b l e  
except  f o r  i t s  s t a t i s t i c a l  p r o p e r t i e s .  The a c t u a l  mine n o i s e  
i nc ludes  p e r i o d i c  components and p u l s e s  which can be suppressed 
more e a s i l y  t h a n  Gaussian no i se .  



i n t e g r a t i o n  of 1 7  minu tes .  T h i s  maximum p o t e n t i a l  d e c r e a s e  of 
r equ i r ed  i n p u t  SNR by 40 dB, from t h e  6 dB of  t h e  p r e s e n t  system 
t o  t he  p o t e n t i a l  - 3 4  dB of t h e  proposed sys tem,  p e r m i t s  some 
d e s i r a b l e  combinat ion  o f :  1) reducing t h e  t r s n s m i t t e r  c u r r e n t  o r  
antenna magnet ic  moment; 2 )  i n c r e a s i n g  t h e  r e l i a b i l i t y  and/or 
ex tend ing  t h e  system range ;  3 )  us ing  a  moderate d e t e c t i o n  t ime 
( s a y  17 s e c o n d s ) ,  w i th  au tomat ic  back-up f o r  l e s s  E w o r a b l e  
c o n d i t i o n s ;  and 4 )  i n c r e a s i n g  t h e  accuracy  o r  r e l i a b i l i t y  of 
n u l l  l o c a t i o n  i n  no i sy  backgrounds. 

The PN maximal sequence is a  p a r t i c u l a r l y  f a v o r a b l e  cho i ce  
of b i t s  f o r  e f f i c i e n t  t r an smi s s ion  because i t  ha s  a  c o n s t a n t  
envelope and an i d e a l  p u l s e  au tocor  r e l a t i o n  f u n c t i o n .  The o u t p u t  

of t h e  PN matched f i l t e r  f o r  each 255 chip1 sequence is  one 
s i g n a l  p u l s z  and 254 o t h e r  p o s s i b l e  p u l s e  p o s i t i o n s  where n o i s e  
measurements can be made, o r  a t h e r  PN s i g n a l s  r e c e i v e d .  The 
c o n s t a n t  envelope of t h e  PN s i g n a l  a l lows  t h e  o u t p u t  p u l s e  power 
f o r  1 6  sequence r e p e t i t i o n s  t o  be (16x255)=36 dB highec  thzn  t h e  

peak p u l s e  power f o r  a  TW=1 s i g n a l .  2 

Addi t i ona l  improvement i n  t h e  performance of t h e  PN system 
is  p o s s i b l e  i f  t h e  n o i s e  is  non-Gaussian. For example, i f  t h e  
n o i s e  c o n s i s t s  of i s o l a t e d  p u l s e s ,  on ly  t h a t  p o r t i o n  of t h e  p u l s e  
power which f a l l s  i n  t h e  PN s i g n a l  bandwidth appea r s  z t  t h e  EN 
o u t p u t .  The same matched f i l t e r  p roce s s ing  which c o n v e r t s  t h e  PN 
t r a n s m i t t e d  s i g n a l  t o  a p u l s e  o u t p u t ,  t z k e s  t h e  p u l s e  power i n  
t h e  PN bandwidth and  s p r e a d s  it uniformly over  t h e  PN s i g n a l  
i n t e g r a t i o n  t ime.  I f  t h e  PN p u l s e  d e t e c t i o n  system compares 
p o s s i b l e  p u l s e  p o s i t i o n s  w i th  t h e  background n o i s e ,  i t  on ly  
measures an i nc r ea sed  con t i nuous  background, wi thou t  p u l s e s ,  no 
ma t t e r  how l a r g e  t h e  power i n  t h e  i s o l a t e d  p u l s e .  Fa l s e  a lz rms  
due t o  i s o l a t e d  p u l s e  n o i s e  can occur  o n l y  i f  t h e r e  a r e  many 
l a r g e  p u l s e s  i n  t h e  PN i n t e g r a t i o n  p e r i o d .  When t h i s  is t h e  
c a s e ,  t he  c o n s t a n t  envelope of t h e  PIN c a r r i e r  can be e x p l o i t e d  by 
us ing  a  l i m i t e r  ahead of t h e  PN matched f i l t e r  t o  l i m i t  t h e  peak 
rece ived  i npu t  s i g n a l  ampl i tude  t o  tlhe (observed i n  some f a s h i o n )  
ampl i tude  of t h e  PN s i g n a l  p l u s  background Gaussian n o i s e .  T n i s  
r educes  a l l  p u l s e  n o i s e  t o  sma l l  p u l s e s .  The r e s i d u a l  e f f e c t  of 
many c l i p p e d  p u l s e s  is both  t o  reduce t h e  s i g n a l  peak and t o  
i n c r e a s e  t h e  e f f e c t i v e  Gaussian n o i s e  background. N e v e r t h e l e s s ,  
a  l i m i t e r  is ve ry  e f f e c t i v e  i n  a  PN system e s p e c i a l l y  when l a r g e  
o r  u n p r e d i c t a b l e  n o i s e  p u l s e s  a r e  p r e s e n t .  

A l i m i t e r  is much l e s s  e f f e c t i v e  i n  a  (TW=l) p u l s e  sys tem,  
because i t  canno t  l i m i t  t h e  n o i s e  wi thou t  l i m i t i n g  t h e  peak 
o u t p u t  p u l s e  t o  t h e  same l e v e l .  w i th  PN p roce s s ing  t h e  o u t p u t  

'A " ch ip"  means one  modular p a r t  o f  a  t o t a l  s i g n a l ;  t h e  number 
o f  c h i p s  e s s e n t i a l l y  means "number o f  independen t  samples i n  t h e  
s i g n a l , "  and hence ,  e q u a l s  t h e  time-bandwidth ( T W )  p roduc t  of  t h e  
s i g n a l  ( 255 h e r e )  . A s imp le  p u l s e  s i -gna l ,  a s  i n  t h e  p r e s e n t  sys-  
t e m ,  has  a  nominal TW p roduc t  o f  1. 

2 ~ n  t h i s  a p p l i c a t i o n ,  t h e  peak t r a n s m i t t e r  power i s  l i m i t e d  b o t h  
by t h e  m i n e r ' s  b a t t e r y  and by mine s a ~ f e t y  r e s t r i c t i o n s .  

8 



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

I t  may n o t  be o b v i o u s ,  b u t  a  v e r y  s i m i l a r  s u p p r e s s i o n  of 
i s o l s t e d  CW i n t e r f e r e n c e  can  occur  i n  a  w e l l  des igned  PN sys tem.  
T h i s  type  of  i n t e r f e r e n c e  can occur  from harmonics of p o r t a b l e  
power g e n e r a t o r s  o p e r a t i n g  s l i g h t l y  o f f  60 Hz f r e q u e n c y ,  
harmonics g e n e r a t e d  by i n d u c t i o n  motors ,  and some t y p e s  of  
s t a r t i n g  and s t o p p i n g   transient.^. T h i s  e x p l o i t s  t h e  PN-signal 
n u l l s  a t  harmonics of  60 Hz ( s e e  F i g .  3 of Ref.  2 ) .  

From t h e  above,  we s e e  t h a t  t h e  n o i s e - l i k e  PN matched f i l t e r  
i s  much more e f f i c i e n t  i n  s u p p r e s s i n g  both  t h e  p u l s e  and t h e  CW 
i n t e r f e r e n c e  t h a n  t h e  matched f i l t e r s  f o r  e i t h e r  p u l s e  o r  C W  
s i g n a l s  a l o n e .  I t  s i m u l t a n e o u s l y  combines t h e  b e s t  f e a t u r e s  of  
b o t h ,  and adds  some f e a t u r e s  of  i t s  own. Unless  t h e  i n t e r f e r e n c e  
is ex t remely  s t r o n g ,  t h i s  may be a l l  t h e  p r o t e c t i o n  which is 
needed. A s  w i l l  be d e s c r i b e d ,  on t h e  second mine t e s t  d a y ,  t h e  
p u l s e  and p u l s e  b u r s t  i n t e r f e r e n c e  was v e r y  s t r o n g .  I n  t h i s  
c a s e ,  s l i m i t e r  ahead of  t h e  PN f i l t 2 r  can reduce  t h e  n o i s e  a t  
t h e  system o u t p u t  a s  was demons t ra ted  l a t e r  i n  our  o f f - l i n e  
p r o c e s s i n g  r e s u l t s .  

A f t e r  an a larm s i g n a l  is  d e t e c t e d ,  t h e  PN s i g n a l  used h e r e  
is  an e x c e l l e n t  s i g n a l  f o r  d i g i t a l  d a t a  t r a n s m i s s i o n .  Hence, 
p o s t - d e t e c t i o n  communication may u t i l i z e  a  r e a l  t ime v o i c e  
downlink w i t h  e i t h e r  a  d i g i t a l  d a t a  o r  an o f f - l i n e  d i g i t a l  v o i c e  
u p l i n k .  

3 .  Equipment P r e q a r a t i o n  - --- - --- 

3.1. PN Encoder - - 
A s  n o t e d ,  t h e  U n i v e r s i t y  of  Michigan P o s t  C i s a s t e r  

Communications System u s e s  a  c o n t i n u o u s  c a r r i e r  phase  modulated 
by a  d i g i t a l  pseudo-noise s i g n a l .  'The t r a n s m i t t e r  f o r  t h e  f i e l d  
t e s t s  was implemented by adding a  new s i g n a l  s o u r c e  t o  t h e  
e x i s t i n g  Bureau of  Mines p u l s e d  VF t r a n s m i t t e r  ( C i r c u i t  A l P 2 ,  
Genera l  i n s t r u m e n t  Ref.  3 ) .  

A s  s p e c i f i e d  by t h e  c o n t r a c t ,  two of  t h e  t r a n s m i t t e r s  
a v a i l a b l e  f o r  use  i n  t h e  p r e s e n t  sys tem wer? modif ied  t o  g e n e r a t e  
and c o n t i n u o u s l y  t r a n s m i t  a 1950 Hz c a r r i e r  phase  modulated by a  
255 chip- long maximal sequence ,  a t  a c h i p - r a t z  of 15.23 

ch ips / second . '  There a r e  128 c a r r i e r  c y c l e s  i n  t h e  6 5 . 6 4  ms-long 

l ~ h e  s i g n a l  spect rum n u l l s  c o u l d  b e  c e n t e r e d  e x a c t l y  on  t h e  h a r -  
monics o f  60  Hz by u s i n g  a  1 5  Hz c h i p - r a t e  and 32.5 c y c l e s  o f  c a r -  
r i e r  p e r  demodulate .  T h i s  would b e  compat ib le  w i t h  t h e  p r e s e n t  
r e c e i v e r  a l g o r i t h m s .  However, u s i n g  a n  i n t e g r a l  number o f  c y c l e s  
p e r  demodula te  may b e  s l i g h t l y  more e f f i c i e n t  i n  r e j e c t i n g  low f r e -  
quency n o i s e  and A/D o f f s e t  e r r o r s .  W e  chose  t o  u s e  32 c y c l e s  p e r  
demodulate ,  b u t  32.5 i s  a  v i a b l e  opt i -on .  



s i n x  2 
c h i p .  The r e s u l t i n g  s i g n a l  power s p e c t r a l  d e n s i t y  h a s  a (- 

X 
1 

envelope  w i t h  a main l o b e  width  of  3Q.46 Hz. I t  l i e s  midway 
between t h e  32nd and 33rd harmonics of 6ti Hz and has  broad n u l l s  
a t  t h o s e  harmonics .  

The c h o i c e  of  a 255-long sequence ,  made i n  t h e  o r i g i n a l  
d e s i g n  e f f o r t  (Ref .  1) , c o n s i d e r e d  t h e  background n o i s e  t o  be 
Gauss ian  and was based s imply  on t h e  c r i t e r i a  t h a t  we d e s i r e d  a  
s u f f i c i e n t  number of "no i se -on ly"  ssmple v a l u e s  between o u t p u t  
peaks  (when t h e  s i g n a l  is  p r e s e n t ) ,  and t h e  o p e r z t i o n s l  
c o n s i d e r a t  i o n  of minimum d e c i s i o n - d e l a y  t ime .  I t  was assumed 
t h a t  R F - f i l t e r i n g  would s u p p r e s s  any harmonics of 60 Hz a d j a c e n t  
t o  t h e  c a r r i e r .  F u r t h e r  e x p e r i e n c e  convinced u s  t h e t  t h e  
f i l t e r i n g  shou ld  be done by t h e  s i g n a l  p r o c e s s o r  i t s e l f ,  s o  t h a t  
some harmonics o f  6 0  Hz may be p r e s e n t  a t  t h e  p r o c e s s o r  i n p u t .  

I t  may be advan tageous ,  from t h e  s i q n a l  p r o c e s s o r  p o i n t  of  
view, t o  c o n s i d e r  a  sequence- leng th  of 63. I t  is n o t  y e t  c l e a r  
whether t h i s  change would d e c r e a s e  t h e  p r o c e s s o r  g a i n  a g a i n s t  t h e  
harmonics ,  b u t  w i l l  be s t u d i e d  i n  t h e  f u t u r e .  

F igure  1 shows t h e  Genera l  I n s t r u m e n t  c i r c u i t  diagram ( t h e i r  
F i g u r e  2-2 ,  p.  11) from t h e i r  f i n a l  r e p o r t  (Ref .  3 ) ,  a long  w i t h  
t h e  PN encoder  c o n n e c t i o n  p o i n t s .  A c a r r i e r  f r equency  of  1550 Hz 
was recommended by t h e  Bureau of  Mines, based on c o n s i d e r a t i o n s  
of both p r o p a g a t i o n  l o s s  and n o i s e  b e h a v i o r .  The l o g i c  c i r c u i t  
diagram of t h e  P N  encoder  t h a t  was des igned  is shown i n  F ig .  2 .  
In  t h e  p r e v i o u s  l a b o r a t o r y  t e s t  (Ref .  2 ) ,  ou r  t r a n s m i t t e d  s i g n a l  
was a  s i n u s o i d a l  c a r r i e r  which was d i g i t a l l y  g e n e r a t e d  2nd 
d i g i t s l l y  phase  modulated.  The Bureau of  Mines t r a n s m i t t e r s  
s u p p l i e d  f o r  t h e  p r e s e n t  c o n t r a c t  r e q u i r e s  a b i n a r y  d i g i t a l  i n p u t  
and s u p p l i e s  a  s q u a r e  wave c a r r i e r  v o l t a g e  t o  t h e  t r a n s m i t t e r  
l o o p  an tenna .  A f t e r  f i l t e r i n g  by bo th  an tenna  sys tems and t h e  
r e c e i v i n g  f i l t e r s ,  t h e  r e c e i v e d  s i g n a l  c a r r i e r  is  s i n u s o i d a l  i n  
both c a s e s .  An improvement, r e l a t i v e  t o  t h e  p r i o r - e f f o r t  s i g n a l  
g e n e r a t o r ,  was made i n  t h e  efficiently of t h e  PN s i g n a l  g e n e r a t e d  
by t h e  new boards .  I n  our  p r e v i o u s  c o n t r a c t  (Ref .  1) , t h e  PN 

phase  modula t ion  of t h e  c a r r i e r  was 160'. S i n c e  t h e r e  a r e  an odd 
number of b i t s  i n  a  maximal PN sequence ,  t h i s  a c t u a l l y  r e s u l t s  i n  
a  s i g n a l  w i t h  a reduced v a l u e  a t  t h e  c a r r i e r  r e l a t i v e  t o  t h e  
a d j a c e n t  s i g n a l  s i d e b a n d s .  I n  tlne t ime  domain, t h e  r e c e i v e r  
o u t p u t  has  an o f f  s e t  (minus-one) between t h e  pulse-compressed 
a u t o - c o r r e l s t i o n  peaks .  I n  t h e  new board t h e  phase  modula t ion  

a n g l e  i s  1 7 2 .  e O ,  which e l i m i n a t e s  t h e  minus-one o f f  s e t  between 
p e a k s ,  and produces  a  p rocessed  o u t p u t  s i g n a l  w i t h  t h e  i d e a l  
z e r o - r 2 f e r e n c e d  a u t o c o r r e l a t i o n  f u n c t i o n .  T h i s  t e c h n i q u e  was 
developed by P r o f .  T. G. B i r d s a l l  znd Cr. Kurt  Metzger i n  
connec t ion  w i t h  t h e i r  long-s tand ing  work i n  u t i l i z i n g  PN seauence  
s i g n a l s  f o r  s t u d y i n g  t h e  p r o p e r t i e s  of  underwater  sound 
p r o p a g a t i o n ,  and is t h o r o u g h l y  d e t a i l e d  i n  Ref.  4 .  

Coherent  i n t e g r a t i o n ,  i n  t h e  absence  of s t r o n g  c a r r i e r ,  







r e q u i r e s  c lock s t a b i l i t y  a t  both t r a n s m i t t e r  and r e c e i v e r  t h a t  is 
commensurate with t he  maximum i n t e g r a t i o n  time. The b a s i c  

c r i t e r i o n  is  t h a t  t h e r e  be s u b s t a n t i a l l y  l e s s  than 180' phase 
s h i f t ,  a t  t h e  c a r r i e r  f reuuency,  over t h e  t o t a l  i n t e g r a t i o n  

1 
I t ime.  

I f  we upper bound t h e  i n t e g r a t i o n  time a s  being in  t h e  order  
of 10 minutes ,  then t h e  t o t a l  number of " p a r t s "  involved is:  

(1950 w) x 6 0 0  s e c .  = 1 . 1 7  x l o 6  t o t a l  s e c ,  

I f  we choose t o  keep t h e  p h a s e - s h i f t  t o  about 1 0 %  of one 
p a r t  in t h e  1 0  minutes ,  then t h e  requi red  s t a b i l i t y  is: 

. 1 Req. S t a b i l i t y  = -------- - - .85  x lfl-7 I x l ~ - ~  ( 2 )  
1.17 x l o 6  

Thus, a s t a b i l i t y  of one p a r t  i n  1 0 ~  was s e l e c t e d  f o r  t he se  t e s t  
t r a n s m i t t e r s .  

This  c r i t e r i o n  l ed  t o  our s e l e c t i n g  the  Vectron Labs (CO- 
252B17V) c r y s t a l  o s c i l l a t o r ,  which , ground t o  our custom 
frequency,  c o s t  $410.00, This  c o s t  %would decrease  with volume 
purchases .  

The o s c i l l a t o r  module and PN phase modulator ace  mounted on 
a c i r c u i t  board s i m i l a r  t o  t h e  p r e s e n t  t r a n s m i t t e r  boards a s  
shown in Fig.  3 and i n  t h e  photograph of Fig.  4 .  Th is  u n i t  could 
f i t  i n t o  t h e  p r e s e n t  VF t r a n s m i t t e r  boxes above the  e x i s t i n g  
c i r c u i t  board. However, s i n c e  t h e  power t r a n s i s t o r s  on the  VF 
t r a n s m i t t e r  board a r e  a s i g n i f i c a n t  source  of h e a t ,  we thought  i t  
d e s i r a b l e  t o  mount t h i s  new board i n  a  s e p a r a t e  box, t o  i s o l a t e  
t he  c r y s t a l  thermal ly .  T h i s  may no t  be necessary  i n  p r a c t i c e ,  
but  appeared t o  be a s e n s i b l e  p recau t ion  a t  t h i s  f i e l d - t e s t i n g  
phase.  - (One of our sgcondary o b j e c t i v e s  was t o  e x p l o i t  t h e  
n a t u r a l  oppor tun i ty  t o  determine t h e  source  of any l i m i t a t i o n s ) .  
This  arrangement allowed u s  t o  d i s t i n g u i s h ,  i n  the  l a b o r a t o r y ,  
between r e s i d u z l  frequency d r i f t  due t o  temperature  v a r i a t i o n s  
and frequency d r i f t  due t o  supply vo l t age  v a r i a t i o n s .  

3.2. S igna l  Process ing - --- - 
The genera l  concept f o r  t h e  s i g n a l  p rocess ing  was descr ibed  

in  t he  r e p o r t  f o r  the predecessor  e f f o r t  (Ref.  1) , and w i l l  on ly  

I The long term s t a b i l i t y  requirement  f o r  t h e  t r a n s m i t t e r  can be 
r e l axed ,  b u t  o n l y  a t  t h e  c o s t  of i nc reased  r e c e i v e r  complexity.  
More complicated a lgor i thms  f o r  underwater a c o u s t i c  s i g n a l s  can 
d e t e c t  dopple r  s h i f t e d  P N  sequences w i th  unknown frequency s h i f t s .  
The phase  of t h e  rece ived  s i g n a l  a s  a f u n c t i o n  of t i m e  was i n  
f a c t  d i sp l ayed  a s  p a r t  of each of t h e  p r e s e n t  t e s t s .  However, no 
c o r r e c t i o n  f o r  t h e  phase e r r o r s  was inc luded  i n  t h e  p roces s ing  
a lgor i thm.  
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be synops ized  h e r e .  The e s s e n t i a l  i d e a  is t o  f i r s t  demodulate  
t h e  s i g n a l  u s i n g  t h e  t r a d i t i o n a l  complex demodula tor ,  t o  g e n e r a t e  
4 inphase  and 4 q u a d r a t u r e  demodula tes  pe r  sequence  c h i p  ( a  
sequence  b i t  i s  one " c h i p "  of  t h e  e n t i r e  i n t e g r a t e d  s i q n a l )  . The 
d i g  i t 3 1  matched f i l t e r  p r o c e s s e s  t h e  inphase  and t h e  q u a d r a t u r e  
components s e p a r a t e l y  i n  inc rements  of  1 / 4  sequence  c h i p .  The 
matched f i l t e r  o u t p u t s  f o r  s u c c e s s i v e  p e r i o d s  a r e  added 
c o h e r e n t l y  f o r  v a r i o u s  i n t e g r a t i n g  t imes :  1 sequence- leng th  
(16.74 s e c o n d s )  ; 4 sequence- leng ths  (66.954 s e c o n d s )  ; 1 6  
sequence- leng ths  (4.46 minu tes )  ; and 64 sequence- leng ths  (17.854 
m i n u t e s ) .  For each i n t e g r a t i o n  t i m e ,  t h e  4 demodula tes  pe r  c h i p  
a r e  averaged by a  s l i d i n g  window. The i n p h a s e  and q u a d r a t u r e  
components a r e  t h e n  combined a s  t h e  sum of s q u a r e s .  P r o c e s s i n g  
t h e  r e c e i v e d  s i g n a l  s i m u l t a n e o u s l y  w i t h  d i f f e r e n t  p e r i o d s  o f  
c o h e r e n t  i n t e g r a t i o n  p e r m i t s  a  r e c e i v e r  t o  "a la rm"  a t  t h e  
s h o r t e s t  t i m e ,  a f t e r  o n s e t ,  commensurate w i t h  t h e  r e c e i v e d  SNR. 
W i t h  t h e  p a r a m e t e r s  chosen h e r e ,  an a larm cou ld  occur  t 17 
seconds  a f t e r  o n s e t  i f  t h e  SNR is  a d e q u a t e ,  and a t  one of t h e  
longer  t imes  f o r  lower r e c e i v e d  SNR1s. 

The s i g n a l  p r o c e s s i n g  s o f t w a r e  and hardware used t o  p r o c e s s  
and d i s p l a y  t h e  PN s i g n a l s  were s m a l l  s p e c i a l  purpose  computers  
progrzmmed t o  demodulate  t h e  s i g n a l  and t h e n  t o  o p e r a t e  a s  
matched f i l t e r s  e i t h e r  f o r  t h e  sequence  i t s e l f ,  o r  f o r  a p e r i o d i c  
s i g n a l  c o n s i s t i n g  of  4 ,  1 6  or  64 r e p e t i t i o n s  of t h e  PN sequence .  
The o u t p u t  of  t h e  d i g i t a l  matched f i l t e r s  is a " t i m e  compressed" 
p u l s e  w i t h  a  ( two-s ided)  d u r a t i o n  of t w i c e  t h e  c h i p  l e n g t h  
o c c u r r i n g  once e v e r y  16.54 seconds .  

The a c t u a l  equipment used f o r  p r o c e s s i n g  and d i s p l a y  was 
des igned  and c o n s t r u c t e d  by t h e  C E L  S i g n a l  P r o c e s s i n g  Group 
mentioned b e f o r e  (T .  G .  B i r d s a l l  and K .  Metzger)  . The equipment 
was des igned  and developed f o r  p r o c e s s i n g  a c o u s t i c  s i g n a l s  i n  
Oceanography. I t  was reprogrammed t o  match our s i g n a l  and 
d i s p l a y  p a r a m e t e r s .  

F i g u r e  5a r e p e a t s  (from Ref.  1) t h e  g e n e r a l  c l a s s i c a l  
concep t  f o r  matched f i l t e r i n g  t o  a  " s i g n a l  known e x c e p t  f o r  phase 
and s t a r t i n g  t i m e , "  f o r  t h e  p a r t i c u l a r  s i g n a l  p a r a m e t e r s  used 
h e r e .  I n  e f f e c t ,  t h e  e n t i r e  PN s i g n a l ,  over  1, 4 ,  16 o r  6 4  
sequence  epochs ,  is known e x c e p t  f o r  t h e  u n c e r t a i n  turn-on p l u s  
p ropaga t  ion-de lzy  t i m e .  The p roper  r e c e i v e r ,  i n  t e rms  of 
c l a s s i c a l  communication p r  i n c i p l e s ,  would be c a l l e d  " a  complex 
demouul-ator f o r  a  l a r g e  time-bandwidth-produc t s i g n a l . "  

The s i g n a l  is f i r s t  band l i m i t e d  i n  a 1 / 1 0  o c t a v e  f i l t e r .  
A s  i n d i c a t e d  i n  F i g .  52 ,  t h e  s i g n a l  i s  t h e n  sampled and A / D  
c o n v e r t e d  a t  f o u r  t i m e s  t h e  c a r r i e r  f r equency  ( 4  x  1950 = 7800 
samples per  s e c o n d ) .  An inphase  demodula te ,  c o r r e s p o n d i n g  t o  
m u l t i p l y i n g  by t h e  c0s2a ( 1 9 5 0 )  t ,  is o b t a i n e d  by forming t h e  sum 

of  t h e  f i r s t  samples  o f  each  c y c l e  f o r  32 c o n s e c u t i v e  c y c l e s ,  
then  forming t h e  s u m  of t h e  3rd samples  f o r  t h e  same 32 c y c l e s ,  
and s u b t r a c t i n g  t h e  two sums. S i m i l a r l y ,  a q u a d r a t u r e  demodulate  
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is derived, corresponding to mu1.t iplying by- -sin2~(1350) t, by 

forming the sum of the 2nd samples for 32 cycles, then forming 
the sum of the 4th samples for 32 cycles, and subtracting the two 
sums. The inphase and quadrature demodulates are time- 
intzrleaved, and zppear sequentially at the output as 8 real 
numbers per chip. 

During the predecessor-effort laboratory demonstration, the 
complex demodulation processing and recording the demodulates on 
digital tape was done in a CEL computer. The matched-filter 
integrating was done of f-line on the University of Michigan time- 
sharing MTS AMDAHL computer. For this present effort, we were 
able to exploit further equipment development by Messrs. 
Birdszll and Metzger. In particular, a new portable processor 
(called DM12aB) became available. The DM120B is a special 
processor (17" x 17 1/2" x8 1/2") designed and built at CEL, 
using standard mother-board construct ion, with a 21K byte memory. 
For off-line processing, the EM1200 forms the complex demodulates 
and performs the matched filter operations. 

As indicated in Fig. 5b, the DM1200 was used twice in the 
off-line processing. The MTDEMOD program was used first, to form 
demodulates which are stored on digital reel-to-reel tape. Then, 
using a tape playback for these demodulates, the EM1200 is used 
again with an MTXC program which cross-correlates the demodulates 
with the PN sequence reference. The output is an uncombined 4 
chips per bit, and is essentially the matched filter or 
correlated output for a single PN sequence epoch. This is again 
stored on a digital reel-to-reel tape. In effect, the 
correlation slides the reference-sequence along the data samples 
in increments of 1/4 chip resolution. This off-line processing 
permits detailed examination of the data. 

A final step at the time-shared U-M Computing Center first 
coherently combines the 4 chips per bit, 2nd then coherently 
averages the results over 1, 4, 16 and 64 FN sequence epochs. 
The filtered inphase and quadrature samples for each sliding 
window position are then squared and added for the final output. 
A print-out program permits tallying the entire sequence of 
output numbers, for each instant, which provides quantitative 
data for the peak values and the intervening noise-only values 
(see Appendix A) . 

Perhaps the most important role of the DM1208 was its use of 
another program for real-time processing (see Fig. 5c). This 
permitted us to process the field data in real time to find the 
operating threshold for the system. As noted in Fig. 5c, the 
real-time processing used the SCMP program in the DM1208 
processor, which produced a graphical display on a CRT which 

1 
i could be copied on a printer. 

'~t the time of signal processing, this program did not provide 
numerical data for the output SNR fo:r each trace. These values 
were later added to the other data printed under each trace. 
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A d i g i t a l  c a r t r i d g e  t a p e  r e c o r d e r  was a l s o  borrowed (from 
t h e  underweter  a c o u s t i c s  p r o j e c t )  and used f o r  o n - l i n e  r e c o r d i n g  
of t h e  SCMP demodula tes .  T h i s  s e r v e d  a s  a  back-up t o  t h e  f i e l d -  
t e s t  analog t a p e s ,  and d i d  n o t  r e q u i r e  a  t i m i n g  t r a c k  and 
r e c o r d e r  c a l i b r a t i o n  ( a  7808 Hz t i m i n g  t r a c k  was recorded  f o r  t h e  
ana log  t a p e s ,  and t a p e  c a l i b r a t i o n  was r e q u i r e d ) .  

Both t h e  o f f - l i n e  and t h e  r e a l - t i m e  p r o c e s s i n g  a r rangements  
were f i r s t  t e s t e d  i n  our  l a b o r a t o r y  i n  Gauss ian  n o i s e ;  t h e n  
between d i f f e r e n t  f l o o r s  i n  t h e  background n o i s e  of our  
l a b o r z t o r y ,  and f i n a l l y  i n  mine- to - su r face  t r a n s m i s s i o n s  i n  t h e  
f i e l d  t e s t s .  

4 .  T e s t  C o n f i g u r a t i o n  - -- -------- 

4 . 1 .  P h y s i c a l  S i t e  and Arrangement - ---- - -- ---- 

The f i e l d  t e s t s  o c c u r r e d  on Wednesday, June 2 9  and Thursday,  
June  33, 1383, a t  t h e  Bureau o f  Mines Lake Lynn t e s t -mine .  T h i s  
l i m e s t o n e  mine which is  nea r  Uniontown, P e n n s y l v a n i a ,  h a s  an 
overburden o f  100 m e t e r s  a t  t h e  t e s t - p o s i t i o n .  The ar rangement  
f o r  t h e  f a c i l i t y ,  t h e  g e n e r a l  t e s t  p l a n  and c o n f i g u r a t i o n ,  and 
s u p e r v i s i o n  of  t h e  d a t a  t a k i n g  was t h e  r e s p o n s i b i l i t y  o f  t h e  
Bureau o f  Mines (handled  by P r o j e c t  O f f i c e r  Steven S h o p e ) .  
During t h e  t e s t s ,  S.  Shope o p e r a t e d  t h e  t r a n s m i t t e r  and made a l l  
a s s o c i a t e d  measurements .  The ana log  t a p e  r e c o r d e r  on t h e  s u r f a c e  
was o p e r a t e d  by Bureau o f  Mines p e r s o n n e l  ( C z r l  Gonoe) . The 
r e a l - t i m e  p r o c e s s i n g  equipment and d i g i t a l  r e c o r d i n g  a p p a r a t u s  
was o p e r a t e d  by Dr. K .  Metzger of CEL.  

F i g u r e  6 shows t h e  g e n e r a l  equipment ar rangement  used i n  t h e  
f i e l d  t e s t s .  The underground l o o p  an tenna  c o n s i s t e d  of one t u r n  
of 300 f e e t  ( 9 1 . 4  m )  of 1 1 2  copper w i r e  deployed i n  a  r e c t a n g l e  
r e s u l t i n g  i n  a l o o p  a r e a  of  2144 s q u a r e  f e e t  (200 s q u a r e  m e t e r s ) .  
The c u r r e n t  f lowing  i n  t h e  l o o p  was measured by t h e  AC v o l t a g e  
d r o p  a c r o s s  a  s m a l l  r e s i s t o r  p laced  i n  s e r i e s  w i t h  t h e  l o o p  on a 
Nagra t a p e  r e c o r d e r .  The RMS c u r r e n t  a t  t h e  c e n t e r  f r equency  any 
t i m e  d u r i n g  t h e  t e s t  cou ld  be o b t a i n e d  from t h e  o u t p u t  of FFT 
computer ,  e i t h e r  d i r e c t l y  a t  t h e  mine o r  from t h e  t a p e  p layback .  

4.2. F i e l d - T e s t  Recording and Moni tor ing  - - -4- -- -- 

The major d a t a  t a k i n g  a r rangements  a r e  a l s o  shown i n  F i g .  6 .  
A Bureau o f  Mines ( C o l l i n s )  l o o p  an tenna  f e d  a ( U - M )  pre-amp 
(Gain=666) , fo l lowed by a  one- ten th  o c t a v e  (Genera l  Radio)  f i l t e r  
c e n t e r e d  a t  1950 Hz. The i n p u t  r e s i s t a n c e  of  t h e  pre-amp was 
about  208 kn , and a c a p a c i t o r  was p l s c e d  a c r o s s  t h e  l o o p  
t e r m i n a l s  t o  make t h e  loaded  an tenna  r e s o n a t e  a t  1950 Hz. A l s o ,  
some a d d i t i o n a l  e l e c t r o s t a t i c  s h i e l d i n g  of t h e  l o o p  was 
accomplished by wrapping t h e  l o o p  w i t h  aluminum t s p e .  T h i s  
reduced e l e c t r i c a l  n o i s e  p ick-up i n  our  n o i s y  l a b o r a t o r y ,  and may 
have been h e l p f u l  i n  t h e  f i e l d .  
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Two m a j o r  d a t s - t a k i n g  t h r u s t s  o c c u r r e d  d u r i n g  t h e  f i e l d  
t e s t s :  1) a n a l o g  r e c o r d i n g ,  f o r  l a t e r  p r o c e s s i n g ,  o f  t h e  
r e c e i v e d  s i g n a l  o n  c h a n n e l  o f  a n  a n a l o g - r e e l  t a p e ,  w i t h  a 7 8 0 8  
Hz t i m i n g  s i g n a l  d e r i v e d  f r o m  a  r u b i d i u m  f r e q u e n c y  s t a n d a r d  
r e c o r d e d  o n  a  s e c o n d  c h a n n e l ,  ( t h i s  t a p i n g  w a s  d o n e  b y  t h e  B u r e a u  
o f  M i n e s ) ;  2 )  r e a l - t i m e  p r o c e s s i n g  a n d  d i s p l a y  f o r  o n e -  
i n t e g r a t i o n  time o n l y  ( 1 6  s e q u e n c e  p e r i o d s  = 4 . 4 6  m i n u t e s ) ,  p l u s  
d  i g i t a l - c a r t r  i d g e  r e c o r d i n g  o f  t h e  u n a v e r a g e d  d e m o d u l a t e s  f o r  
l a t e r  p r o c e s s i n g .  W h i l e  t h e  o r i g i n a l  f i e l d - t e s t  p l a n  e n v i s a g e d  
o n l y  t h e  a n a l o g  r e c o r d i n g ,  w e  f o u n d  w e  c o u l d  u s e  t h e  DM12@0 t o  
p r o c e s s  t h e  a v e r a g e d  s i g n a l  i n  r e a l  time i n  t h e  f i e l d  t o  
d e t e r m i n e  t h e  t h r e s h o l d  s i g n a l  l e v e l ,  a n d  a t  t h e  same time 
p r o v i d e  a d i g i t a l  b a c k - u p  f o r  t h e  a n a l o g  t a p e  r e c o r d i n g s .  

T h e  a n a l o g  r e c o r d i n g  a t  t h e  r e c e i v e r  s i t e  was d o n e  u s i n g  a  
NAGRA IV-ST t a p e  r e c o r d e r  s u p p l i e d  a n d  o p e r a t e d  b y  t h e  B u r e a u  o f  
M i n e s .  A s  a l r e a d y  n o t e d  i n  S e c .  3 . 2 ,  r e a l - t i m e  p r o c e s s i n g  
a v e r z g e d  o v e r  1 6  s e q u e n c e s  w a s  d o n e  a t  t h e  s i t e  u s i n g  t h e  (CEL) 
DM1200, w h i c h  c a l c u l a t e d  t h e  d e m o d u l a t e s  a n d  r e c o r d e d  t h e  
d e m o d u l a t e s  i n  r e a l - t i m e  o n t o  t h e  d i g i t a l  c a r t r i d g e  t a p e .  i t  
a l s o  a d d e d  t h e  1 6  p e r i o d s  a n d  p e r f c r m e d  t h e  m a t c h e d  f i l t e r  
o p e r a t i o n s  o n  e a c h  16 p e r i o d  s i g n a l  s v e r a g e .  rn a v o i d  
o v e r l o a d i n g  t h e  d i s p l a y s ,  t h e  h i g h e s t  p e a k  i n  e a c h  d i s p l a y  l i n e  
w a s  n o r m a l i z e d  t o  u n i t y .  

4 . 3 .  T e s t  S e r i e s  -- -- 

T h e  d a t a  w a s  t a k e n  o n  t w o  c o n t i g u o u s  d a y s ,  W e d n e s d a y ,  J u n e  
2 9 ,  a n d  T h u r s d a y ,  J u n e  3 0 ,  1-983. Wednesd 'ay m o r n i n g  w a s  s p e n t  
d r i v i n g  t o  t h e  r e c e i v e r  s i t e  i n  a  wooded a r e a  o v e r  t h e  
t r a n s m i t t e r  l o c a t i o n .  T h e  r e c e i v i n g  a n d  r e c o r d i n g  e q u i p m e n t  w a s  
s e t  u p  i n  t h e  b a c k  o f  a  p i c k u p  t r u c k  a n d  o p e r a t e d  o n  AC p o w e r  
s u p p l i e d  b y  a g a s o l i n e  e n g i n e - d r i v e n  a l t e r n a t o r .  

We c h o s e  t o  r u n  e a c h  t e s t  f o r  a p e r i o d  c o r r e s p o n d i n g  t o  t h e  
l e n g t h  o f  t h e  a n a l o g  t a p e  r e e l s .  T h i s  p e r m i t t e d  o n l y  t w o  p e r i o d s  
o f  t h e  l o n g e s t  ( 1 7  m i n u t e )  m u l t i p l e  i n t e g r a t i o n  times. T h e  f i v e  
d a t a  r u n s  t h a t  w i l l  be d e s c r i b e d  a r e  l i s t e d  i n  T a b l e  1. 

On W e d n e s d a y ,  t h e  n o i s e  b a c k g r o u n d  w a s  r e l a t i v e l y  s t a b l e ,  
c o n s i s t i n g  m a i n l y  o f  h a r m o n i c  n o i s e  p l u s  G a u s s i a n .  F o r  t h e  
T h u r s d a y  tests ,  t h e  n o i s e  f r o m  h a r m o n i c s  o f  60  Hz was t h e  s a m e  a s  
t h e  p r e v i o u s  d a y ,  b u t  t h e  n o i s e  f r o m  s h o r t  r andom p u l s e s  a n d  
l a r g e  n o i s e  b u r s t s  was a t  l e a s t  1 2  d b  h i g h e r  t h a n  t h e  p r e v i o u s  
d a y .  W e  a s s u m e  t h a t  t h e  i n c r e a s e  i n  s h o r t  r andom p u l s e s  w a s  d u e  
t o  a t m o s p h e r i c s  f r o m  a w i d e  f r o n t  o f  t h u n d e r s t o r m s  p a s s i n g  
t h r o u g h  t h e  a r e a .  T h e  l a r g e  n o i s e  b u r s t s  a p p e a r e d  random t o  u s .  
H o w e v e r ,  i n  p l a y i n g  b a c k  t h e  t a p e s ,  we f o u n d  t h a t  t h e y  c o n s i s t  o f  
m a i n  n o i s e  b u r s t s  o c c u r r i n g  e v e r y  4 5  s e c o n d s ,  e a c h  f o l l o w e d  a b o u t  
6 s e c o n d s  l a t e r  b y  a s e c o n d  n o i s e  b u r s t ,  u s u a l l y  l o w e r  i n  
a m p l i t u d e  b u t  l o n g e r  i n  d u r a t i o n .  F i g u r e  1 B  ( l a t e r )  i l l u s t r a t e s  
b o t h  t h e  i n c r e a s e d  smal l  p u l s e  a c t i v i t y  a n d  t h e  v e r y  l a r g e  p u l s e  
p a i r s  w h i c h  were p r e s e n t  o n  T h u r s d a y .  



TABLE 1. DESCRIPTION OF FIELD TEST DATA 

T c s  t 
Name Time 

C 3 : 00pm Wed. 

Antenna 

I 

35 min. 0 . 2 5  

I 

I 

35 min. 0 . 6 8  

35 min. 1 . 2 8  

I 
I E s t i m a t e d  I r lau t  S N R  (dB) . . 

1 I n c l u d e s  i I m p u l s e  Nolse  Exc luded  
I m ~ u l s e  Noise  -- 

Based o n  
I 

22Elz  R a t i o n a l e  f o r  
, S i q n a l  L e v e l  Comments 

Wanted l e v e l  h i g h  Normal background  
enough t o  p e r m i t  n o i s e ;  d r o p - o u t s  
o n - s i t e  equ ipment  o c c u r r e d  o n  t i m e  
c h e c k - o u t ,  and  r e f e r e n c e  d u e  t o  
l a t e r  d e t a i l e d  p o o r  q u a l i t y  t a p e  
d i a g n o s t i c s  ( s u c h  
a s  p h a s e  b e h a v i o r )  

Wanted s i g n i f i c a n t  10 I 1  

( 20  dB) r e d u c t i o n  
f rom T e s t  A 

Wanted r e p e a t  o f  Observed  i n  f i e l d  
Wednesday p r o b e  t h a t .  n o i s e  i n c r e a s e d  
f o r  t h r e s h o l d ;  no o v e r  Wednesday; 
i n - f i e l d  d e t e c t i o  l a r g e  b u r s t s  o c c u r r e d  

I n c r e a s e  6 dB, I# I) 

l o o k i n g  f o r  f i e l d  
d e t e c t i o n .  None 
found  . 

I n c r e a s e  a n o t h e r  I I 11 

6 dB, l o o k i n g  f o r  
f i e l d  d e t e c t i o n .  
S i g n a l  was 
d e t e c t e d .  



5. S p e c i f i c  S i g n a l  P r o c e s s i n 9  Methods Used I - -- ---- -- 

F i g u r e  7 shows how t h e  ana log  and d i g i t a l  p laybacks  were 
h a n d l e d ,  us ing  t h e  SCMP program f o r  matched f i l t e r  ave rag ing  and 
t ime  d i s p l a y  o u t p u t s .  For a n a l o g ,  t h e  i n p u t  t o  t h e  DM1200 
computer was t h e  o u t p u t  of  t h e  1/18 o c t a v e  f i l t e r  and i s  t h e  same 
s i g n a l  a s  was recorded  on t h e  NAGRA r e c o r d e r .  The 7 8 0 0  Hz sample 
c l o c k  s i g n a l  is  a l s o  t h e  same a s  t h a t  r ecorded  on t h e  NAGRA. The 
s i g n a l  i n p u t  was sampled and c o n v e r t e d  a t  t h e  7800 Hz c l o c k  r a t e .  
The o u t p u t  of  t h e  demodula tes  c o n s i s t s  of  4 inphase  (x) 
demodulates  and 4 q u a d r a t u r e  ( y )  demodulates  p e r  sequence  b i t  . 
The x  and y  sample o u t p u t s  a r e  i n t e r l e a v e d .  The keyboard 
c o n t r o l s  whether  t h e s e  demodula tes  a r e  r ecorded  on t h e  d i g i t a l  
c a r t r i d g e  r e c o r d e r ,  and whether  a v e r a g i n g  over  4 ,  16 o r  6 4  
sequence  p e r i o d s  was done b e f o r e  f u r t h e r  p r o c e s s i n g .  A l l  of  
t h e s e  o p e r a t i o n s  were done i n  r e a l  t ime  by t h e  DM1200 computer 
u s i n g  some handwired l o g i c  boards  a s  w e l l  ss t h e  SCMP program. 

The r e s t  of  t h e  p r e s e n t  SCMP program runs  a l i t t l e  s l o w e r .  
For a v e r a g e s  over  4 p e r i o d s  o r  more, it can p r o c e s s  t h e  averaged 
d a t a  in  r e a l  t ime .  Without a v e r a g i n g ,  it a c c e p t s  new samples f o r  
o n - l i n e  p r o c e s s i n g  o n l y  when i t  is f i n i s h e d  wi th  t h e  p r e v i o u s  
s e t .  

Not ice  t h a t  t h e  s i g n a l  t o  t h e  d i s p l a y  is normal ized  s o  t h a t  
t h e  l z r g e s t  peak,  whether  s i g n a l  o r  n o i s e ,  i s  a f u l l  s c a l e  
d e f l e c t i o n .  The CRT d i s p l s y s  up t o  8 o u t p u t  p u l s e  t r a c e s  b e f o r e  
e r a s i n g  and s t a r t i n g  o v e r .  Each o u t p u t  t r a c e  i s  i d e n t i f i e d  by a  
t r a c e  number and t h e  x  c o o r d i n a t e  p o s i t i o n  of  t h e  maximum peak. 
The phzse of t h e  r e c e i v e d  s i g n a l  a t  some s p e c i f i e d  x c o o r d i n a t e  
can  a l s o  be p r i n t e d  on t h e  d i s p l a y .  T h i s  can be used t o  
de te rmine  any f requency  o f f s e t  between t h e  t r a n s m i t t e r  and t h e  

r e c e i v e r . '  P r e s s i n g  a  s w i t c h  on t h e  p r i n t e r  r e c o r d s  t h e  c u r r e n t  
CRT s c r e e n  d i s p l a y  on p a p e r .  

A l l  of t h e  ana log  recorded s i g n a l s  a s  w e l l  a s  a l l  d i g i t a l  
recorded s i g n a l s  were p rocessed  us ing  t h i s  system. The r e s u l t s  
chosen f o r  t h i s  r e p o r t  ( F i g s .  1 1 - 1 4 )  a r e  a l l  from playback of  
d i g i t a l  recorded demodula tes  ( lower l e f t  l i n e  i n  F i g .  7 ) ,  e x c e p t  
t h e  c l i p p e r - p r o c e s s e d  o n e s ,  s i n c e  we were n o t  s u r e  of t h e  
r e l i a b i l i t y  of  t h e  ana log  recorded 7888 Hz sample c l o c k  s i g n a l .  
For t h e  d i g i t a l  s i g n a l s ,  t h e  demodula tes  were formed d u r i n g  t h e  
f i e l d  t e s t s ,  and were recorded  on t h e - d i g i t a l  t a p e .  The e f f e c t  
of ave rag ing  over  1 ,  4 ,  16 o r  6 4  t i m e s  was i n v e s t i g a t e d  by 
running t h e  same d i g i t a l  c a r t r i d g e  r e p e a t e d l y  wi th  d i f f e r e n t  

p r o c e s s i n g  commands. 2 

' ~ h i s  f e a t u r e  was added t o  t h e  program a f t e r  t h e  f i e l d  t e s t .  
The c u r r e n t  program c a n  a l s o  p r i n t  o u t  a n  e s t i m a t e d  o u t p u t  SNR 
f o r  e a c h  t r a c e ;  t h i s  was n o t  a v a i l a b l e  d u r i n g  t h e  d a t a  r e d u c t i o n  
f o r  t h i s  c o n t r a c t .  

2 ~ h e  d a t a  p r o c e s s i n g  w i t h  c l i p p i n g  u s e d  t h e  a n a l o g  t a p e  t o  
g e n e r a t e  a  d i g i t a l  t a p e  a s  shown i n  F i g .  9 .  





S i n c e  t h e  SCMP program was in tended  o n l y  f o r  checking t h e  
d a t a  d u r i n g  t h e  f i e l d  t e s t ,  t h e r e  is no p r o v i s i o n  f o r  c o n v e r t i n g  
t h e  o u t p u t  t o  p r i n t e d  t a b l e s ,  o r  f o r  r e c o r d i n g  i t  f o r  f u r t h e r  
s t a t i s t i c a l  a n a l y s i s .  

The second d i g i t a l  p r o c e s s i n g  program was used t o  p r i n t  o u t  
t a b l e s  of numer ica l  v a l u e s .  T h i s  program, shown i n  F ig .  8 ,  is an 
updated v e r s i o n  o f  t h e  program used i n  our  p r e v i o u s  work. I t  
d i f f e r s  mainly  i n  t h a t  t h e  matched f i l t e r i n g  was always done 
b e f o r e  averag ing  over  a d d i t i o n a l  p e r i o d s .  Also ,  t h e  d a t 3  was 
recorded on 9 - t r ack  r e e l - t o - r e e l  d i g i t 3 1  t a p e  between p r o c e s s i n g  
s t e p s .  The demodula t ing  and matched f i l t e r  o p e r a t i o n s  were done 
by t h e  DM1200 u s i n g  f i r s t  t h e  MTDEMOD and t h e n  t h e  MTXC programs. 
The p rocessed  s i g n a l  was recorded on t h e  9 - t r ack  t a p e  between t h e  
two s t 2 p s .  The matched f i l t e r  o u t p u t  was a g a i n  recorded on 9- 
t r a c k  t a p e .  F u r t h e r  a v e r a g i n g  over  a comple te  sequence b i t ,  2nd 
a v e r a g i n g  over  1, 4 ,  16 and 64 p e r i o d s  was done a t  T h e  U n i v e r s i t y  
o f  Michigan Computing Cen te r  on t h e  AMDAHL computer u s i n g  a  
PRGG M 5  program. T h i s  p r o c e s s i n g  is e s s e n t i a l l y  t h e  same a s  t h a t  
used and d e s c r i b e d  i n  our  p r e v i o u s  work, Ref.  2 ,  e x c e p t  t h a t  t h i s  
t ime  t h e  matched f i l t e r  o p e r a t i o n  was done by a  second p a s s  
through t h e  DM1200 computer u s i n g  t h e  MTXC program i n s t e a d  of 
u s i n g  t h e  AMDAHL. We d i d  n o t  run  t h e  o u t p u t  p u l s e  d i s p l a y s  on 
t h e  AMDAHL because  more comple te ly  l a b e l e d  d i s p l a y s  were a l r e a d y  
a v a i l a b l e  from t h e  SCMP program. 

The d i g i t 2 1  demodula tes  r ecorded  d u r i n g  t h e  f i e l d  t e s t s  a r e  
an a l t e r n a t e  s o u r c e  of  demodula tes  which r e p l a c e  t h e  MTDEMOD 
program ( s e e  d o t t e d  l i n e ,  F ig .  5 c ) .  The numer ica l  r e s u l t s  quoted  
h e r e  a r e  a l l  from t h e  d i g i t a l  t a p e s .  The 7800  Hz sample c l o c k  
was l e s s  r e l i a b l e  on t h e  ana log  t a p e s .  

T h i s  program is much more f l e x i b l e  t h a n  t h e  SCMP program, 
p a r t i c u l a r l y  s i n c e  a v e r a g i n g  o p e r a t i o n s  a r e  performed u s i n g  
F o r t r a n  programs running on t h e  AMDAHL. However, t h 2  p r e s e n t  
AMDAHL programs,  from PROG M 1  t h rough  PROG M5, were a l l  des igned  
f o r  d i s p l a y i n g  o n l y  t h e  most r e c e n t  4  o u t p u t  p u l s e s  from each of  
t h e  averag ing  p r o c e d u r e s :  x l ,  x4, x16, x 6 4 .  T h i s  i s  c o n v e n i e n t  
f o r  zn o p e r a t o r  d i s p l a y ,  b u t  makes it  d i f f i c u l t  t o  compare t h e  
e f f e c t  of  d i f f e r e n t  ave rag ing  t i m e s  f o r  s i g n a l s  o b t a i n e d  i n  
f l u c t u a t i n g  background n o i s e  l e v e l s .  For example,  a  s t r a y  n o i s e  
s o u r c e  may have been p r e s e n t  d u r i n g  most of  t h e  t ime  t h z t  t h e  16 
p e r i o d  and 64 p e r i o d  a v e r a g e s  were formed,  b u t  t u r n e d  o f f  f o r  
p a r t  of t h e  x4 and a l l  of t h e  l a s t  4 x l  p u l s e s .  Some of t h e  x 4  
and a l l  4 of t h e  l a s t  x l  p u l s e s  may t h e n  appear  t o  have a much 
b e t t e r  SNR t h a n  expec ted  from t h e  n o i s e  observed i n  t h e  l o n g e r  
a v e r a g e s .  T h i s  is d e s i r a b l e  f o r  t h e  o p e r a t o r  d i s p l a y .  However, 
w i t h  o n l y  4 p u l s e s  a v a i l a b l e  f o r  each increment  of  a v e r a g i n g ,  t h e  
numer ica l  o u t p u t  f o r  r e a l  mine d a t a ,  even when a l l  t h e  numbers 
a r e  ave raged ,  is t o o  v a r i a b l e  t o  be v e r y  u s e f u l  f o r  s t a t i s t i c a l  
a n a l y s i s .  The g r a p h i c a l  d i s p l a y s  from t h e  SCMP program a r e  more 
u s e f u l  f o r  comparing d i f f e r e n t  a v e r a g e s  t h a n  t h e  numbers from t h e  
PROG M5 program. 





The t apes  used on t h e  NAGRA t ape  r eco rde r  f o r  T e s t s  A and C 
were of  poor q u a 1 i . t ~  and had many d ropou t s  on t h e  t ime r e f e r e n c e  
t r a c k .  We c o n s t r u c t e d  a phase lock l oop  t o  t r a c k  through t h e s e .  
In  gene ra l  i t  was s u c c e s s f u l ,  bu t  we have no a s su rence  t h a t  t h e  
t ime  t r a c k  i s  f r e e  of e r r o r s .  

5.1 Off -Line MTXC Process ing  Arrangement ------ - 

Figure  7 shows t h e  sequence of s t e p s  used i n  t h e  o f f - l i n e  
s i g n a l  p roces s ing  of both  t h e  analog t a p e s ,  and d i g i t a l - c a r t r i d g e  
demodula te- tapes .  Analog t a p e s  a r e  d i g i t i z e d  and demodulated i n  
r e a l - t i m e  by t h e  DM1200 us ing  t h e  MTDEMOD program. The o u t p u t  is 
s t o r e d  on t a p e  DEMODF1. The d i g i t a l  c a r t r i d g e  t a p e s  were t hose  
produced by t h e  SCMP program. The MTXC program performs t h e  
f i r s t  s t e p  (sequence removal) i n  t h e  matched f i l t e r  p roces s ing  
f o r  both t ypes  of r eco rd ings  o f f - l i n e  and r eco rds  t h e  4 c h i p s  f o r  
each s i g n a l  b i t  on d i g i t a l  t a p e  XCF1. A t  t h e  U - N  Computing 
Cen te r ,  t h e  4 complex c h i p s  a r e  combined f o r  t h e  s i n g l e  pe r iod  
o u t p u t .  The 4 ,  16 and 6 4  p e r i o d  averages  a r e  formed on a s l i d i n g  
window b a s i s .  The MTXC o u t p u t  is a l s o  p l o t t e d  on CRT and 
p r i n t e r ,  bu t  t h i s  is be fo re  t h e  4 c h i p s  a r e  combined. 

5 .2 .  S p e c i a l  -- Process ing  f o r  Disp lays  - -- 
In  o rder  t o  avoid  p r epa r ing  e l a b o r a t e  d i s p l a y  programs f o r  

t h e  o f f - l i n e  p roces s ing  ( a b o v e ) ,  we aga in  e x p l o i t e d  t h e  DM1260 i n  
t h e  f ~ s h i o n  shown i n  F ig .  8 ,  f o r  t h e  purpose  of a ch i ev ing  d i s p l a y  
o u t p u t .  The SCMP program g e n e r a t e s  p rocessed  s i g n a l  d i s p l a y s  
l i k e  t hose  gene ra t ed  a t  t h e  Lake Lynn Lzboratory  du r ing  t h e  f i e l d  
t e s t s .  The a lgo r i t hm used f o r  t h e  matched f i l t e r  is  somewhat 
d i f f e r e n t  from t h a t  used i n  MTXC. Also ,  t h e  averag ing  over many 
p e r i o d s  is n o t  done on a  con t inuous  s l i d i n g  window b a s i s ,  and 
t h e r e f o r e ,  t h e  e f f e c t  of normal iz ing  t h e  peak amp1 i t u d e  is 
s l i g h t l y  d i f f e r e n t .  ( I t  appears  t o  u s  t h a t  t h i s  r e s u l t e d  i n  a  
more s t a b l e  background n o i s e  l e v e l  with t h e  SCMP program).  The 
d i s p l a y s  o f  t h e  t e s t  r e s u l t s  (See Sec. 7 )  i n  t h i s  r e p o r t  a r e  from 
t h i s  SCMP p roces s ing .  A d i s advan t age  i s  t h a t ,  a t  p r e s e n t ,  t h e  
SCMP program does  no t  g e n e r a t e  a  9 - t rack  d i g i t a l  t a p e  s u i t z b l e  
f o r  s l i d i n g  window p roces s ing  and numerical  t a b u l a t i o n  a t  t h e  U-M 
Computing Cente r .  We t h e r e f o r e ,  have no numerical  d a t a  f o r  
comparing t h e  two a lgo r i t hms .  C i r e c t  comparisons of  t h e  CRT o r  
p r i n t e r  d i s p l a y s  a r e  no t  p o s s i b l e  because t h e  4 complex c h i p s  a r e  
no t  combined i n  t h e  MTXC p roces s  u n t i l  t h e  PROG M5 a t  t h e  
computing c e n t e r .  

5.3.  Spec i a l  C l ippe r  S igna l  Process ing  - --- -- 

On Wednesday, more than  one n o i s e  p u l s e  occur red  i n  most 
sequences ,  bu t  t h e  p u l s e  ampl i tudes  were comparable t o  t h e  
background n o i s e .  In  c o n t r a s t ,  t h e  n o i s e  p u l s e s  on Thursday were 
both more numerous and much l a r g e r  i n  ampl i tude .  In  a d d i t i o n  t o  
t h e  i s o l a t e d  s h o r t  n o i s e  p u l s e s ,  t h e r e  were b u r s t s  o f  p e r i o d i c  
n o i s e  p u l s e s ,  where, f o r  many power l i n e  c y c l e s ,  a l a r g e  no i s e  
s p i k e  occu r s  i n  eve ry  c y c l e .  The p o s i t i o n  of t h e  s p i k e  s h i f t s  



s l o w l y  i n  phase  from c y c l e  t o  c y c l e  d u r i n g  a  b u r s t .  The l a r g e s t  
b u r s t s  o c c u r r e d  r e g u l a r l y  e v e r y  45  seconds  d u r i n g  t h e  Thursday 
t e s t .  Each l a r g e  b u r s t  was fo l lowed by a  s m a l l e r  bu t  l o n g e r  
b u r s t  of s p i k e s  6 seconds  l a t e r  ( F i g .  1 0 ) .  These b u r s t s  were 
p r e s e n t  through a l l  of  t h e  Thursday t e s t s  u n t i l  t h e  l a s t  few 
moments of  t h e  l a s t  t e s t .  Then, t h e i r  s o u r c e  a p p a r e n t l y  was 
sudden ly  tu rned  o f f .  

Using t h e  analog r e c o r d i n g s ,  we d i d  improve t h e  Thursday 
r e s u l t s  by s u b j e c t i n g  t h e  o u t p u t  of t h e  i n p u t  f i l t e r  t o  a 
c l i p p e r .  The p u l s e  compression p r o p e r t i e s  of  t h e  PN s i g n a l  can  
be v e r y  e f f e c t i v e  i n  s u p p r e s s i n g  such n o i s e  p u l s e s  i n  a system 
des igned  f o r  such c o n d i t i o n s .  (1) The s i g n a l  d u r a t i o n  shou ld  be 
such t h a t  o n l y  one ( o r  s few p u l s e s )  i s  l i k e l y  t o  occur  i n  any 
one s i g n a l  p e r i o d .  ( 2 )  P u l s e s  much l a r g e r  than  t h e  background 
n o i s e  should  be c l i p p e d  near  t h e  background n o i s e  l e v e l  i n  a 
c l i p p e r  wi th  a bandwidth a s  wide a s  t h e  n o i s e  p u l s e s  ahead of  m y  
narrow band f i l t e r s .  ( 3 )  A number of s i g n a l  p e r i o d s  should  be 
combined f o r  r e l i a b l e  s i g n a l  d e t e c t i o n  s i n c e  some s i g n a l  p u l s e s  
may be reduced i n  ampl i tude  by a  long n o i s e  p u l s e  o r  m u l t i p l e  
p u l s e s  o c c u r r i n g  i n  t h e  same s i g n a l  p e r i o d .  

S i n c e  a l l  our PN t e s t  d a t a  was recorded wi th  t h e  1/10 o c t a v e  
f i l t e r  a t  t h e  f r o n t  end,  t h e  second c o n d i t i o n  was n o t  met. 
N e v e r t h e l e s s ,  a v e r y  s i g n i f i c a n t  improvement was o b t a i n e d  by 
c l i p p i n g  t h e  NAGRA o u t p u t  nea r  t h e  peaks  of  t h e  background n o i s e  
l e v e l  us ing  t h e  ar rangement  of  F i g .  9.  Under t h e  c o n d i t i o n s  of  
T e s t s  Q ,  P ,  and E ,  t h e  s i g n a l  h a s  a c o n s t a n t  ampl i tude  more than  
40 dB below t h e  background n o i s e  ampl i tude  shown above. 
C l i p p i n g ,  t h e r e f o r e ,  h a s  no e f f e c t  u n l e s s  an a tmospher ic  n o i s e  
b u r s t  is p r e s e n t .  Then, t h e  s i g n a l  is l a r g e l y  suppressed  d u r i n g  
t h o s e  t i m e s  t h a t  t h e  c l i p p i n g  l e v e l s  a r e  exceeded by t h e  
a tmospher ic  b u r s t .  The s i g n a l  segments  t h a t  s u r v i v e ,  however, 
s t i l l  add c o h e r e n t l y  t o  form a  ( d i s t o r t e d )  s i g n a l  peak. 

6 .  I n p u t  SNR Aspec t s  - - -- 
I n p u t  s i g n a l - t o - n o i s e  r a t i o  (SNR. ) i s  a  s u i t a b l e  independent  

1 
parameter  f o r  s p e c i f y i n g  t h e  performance of  a  " d e t e c t i o n "  sys tem,  
s i n c e :  1 )  t h e  i n t e g r a t i o n - t i m e ,  2nd hence ,  s i g n a l  ene rgy ,  a r e  
v a r i a b l e  due t o  t h e  p a r a l l e l  p r o c e s s i n g ;  and 2 )  we wish t o  
compare t h e  performance t o  t h a t  of t h e  p r e s e n t  system. 

6.1. Noise Types - 
Our o r i g i n a l  system d e s i g n  e x p l o i t e d  t h e  simp1 i f y i n g  

assumption t h a t ,  i f  t h e  major s i g n a l  ene rgy  is  c o n t a i n e d  between 
t h e  r e l e v a n t  harmonics of  t h e  60 Hz power sys tem,  t h e  r e l e v a n t  
background c a n  be assumed t o  be s t a t i o n a r y  Gauss ian  n o i s e .  Also ,  
t h e  p r i o r - e f f o r t  l a b o r a t o r y  d e m o n s t r a t i o n  t e s t e d  t h e  system i n  
whi te  Gauss ian  n o i s e .  I t  is known c l a s s i c a l l y  t h a t ,  i n  Gaussian 
n o i s e ,  w i t h  unknown s i g n a l  phase  (due t o  unknown o n s e t  and 





Modera te  P u l s e  No i se  
on  F i r s t  Day ( T e s t  C )  

Heavy Duty P u l s e  No i se  
o n  Second Day ( T e s t  K )  

The P u l s e s  f rom ( b )  Above w i t h  V e r t i c a l  
S c a l e  Reduced t o  Show Complete  P u l s e  P a i r s  

F i g u r e  1 0 .  N o i s e  S a n p l e s  o n  F i r s t  a n d  Second  T e s t  Days 



p r o p a g a t i o n  d e l a y ) ,  t h e  optimum s i g n a l  p r o c e s s o r  is a matched 
f i l t e r ,  a s  implemented by our  s i g n a l  p r o c e s s i n g  r e c e i v e r .  

Both i n  p r e p a r i n g  f o r  and conduc t ing  t h e  f i e l d  t e s t s ,  t h e  
s i g n a l  was r e c e i v e d  us  i n s  t h e  Bureau of  Mines s u p p l  i ed  l o o p  
a n t e n n a .  Both o c c a s i o n s  p rov ided  us  wi th  e x p e r i e n c e  of t h e  
e f f e c t s  of a ( p o s s i b l e )  combinat ion  of Gauss ian  n o i s e ,  harmonic 
n o i s e ,  and impulse n o i s e .  

The harmonic n o i s e  a p p e a r s  t o  stem from p e r i o d i c  t r a n s i e n t s  
i n  t h e  power d i s t r i b u t i o n  l i n e  v o l t a g e .  The i m p o r t m t  f e a t u r e  of 
t h i s  n o i s e  is t h a t  i t  i s  p e r i o d i c .  

The impulse n o i s e  may be due t o  e i t h e r  power l i n e  s w i t c h i n g  
t r z n s i e n t s  o r  a tmospher ic  n o i s e ,  u s u a l l y  from d i s t a n t  o r  l o c z l  
t h u n d e r s t o r m s ,  t h a t  r each  t h e  a n t e n n a .  I f  thunders to rms  a r e  
w i t h i n  a few hundred m i l e s ,  t h e  n o i s e  becomes e s s e n t i a l l y  non- 
s t a t i o n a r y :  heavy v o l t a g e  s u r g e s  a r e  s p o r a d i c z l l y  imposed on t o p  
of t h e  normal ly  v a r y i n g  background n o i s e .  Hence, when 
a tmospher ic  n o i s e  is n o t  p r e s e n t ,  t h e  background n o i s e  is 
r e l a t i v e l y  well-behaved and c o a r s e l y  measurab le ;  w i t h  s t r o n g  
a tmospher ic  n o i s e ,  measurements a r e  q u i t e  d i f f i c u l t .  

For t h e  t2st s e r i e s  d e s c r i b e d  h e r ? ,  on Thursday we 
encoun te red  an u n u s u a l l y  l a r g e  impu1,se n o i s e  from an unexpla ined 
s o u r c e .  The l a r g e  impulses  o c c u r r e d  e v e r y  45 s e c o n d s ,  and t h e  
major p u l s e  was always fo l lowed by a s m a l l e r  p u l s e  6 seconds  
l a t e r .  

6.2.  I n p u t  SNR E s t i m a t i o n  - -- - ---- 
In  usua l  communication o p e r a t i o n s ,  one u s e s  t h e  i F  bandwidth 

t o  d e f i n e  and measure t h e  i n p u t  n o i s 2  t o  a  communications 
r e c e i v e r .  In  t h e  t e s t  a r rangement  h e r e ,  no s p e c i f i c  f i l t e r  
se rved  a s  an I F - e q u i v a l e n t .  R a t h e r ,  t h e  s i g n a l  passed  through s 
1 / 1 0  o c t a v e  f i l t e r ,  and t h e  matched f i l t e r  s i g n a l  p r o c e s s i n g  
i t s e l f  e f f e c t i v e l y  f i l t e r s  t h e  s i g n a l  having a  "main l o b e "  
bandwidth.  T h i s  was deemed s u p e r i o r  t o  a c t u a l l y  us ing  a  30 Hz 
bandwidth f i l t e r  c e n t e r e d  a t  195B Hz i n  t h e  f r o n t  end.  I n  
e f f e c t ,  t h e  s i g n a l  p r o c e s s i n g  r e c e i v e r  implements a f i l t e r  
c o r r e s p o n d i n g  t o  a  bandwidth of approx im3te ly  t h e  r e c i p r o c a l  of 
t h e  i n t e g r a t i n g  t ime .  

The r e s u l t  i s  t h a t  t h e  i n p u t  SNR can be measured o n l y  
c o a r s e l y  both  because:  1) t h e  a c t u a l  n o i s e  i s  c o n s t a n t l y  
v a r y i n g ;  and 2 )  t h e  n o i s e  bandwidth which g i v e s  t h e  most 
a p p r o p r i a t e  measure h e r e  is  r e l q t i v e l y  a r b i t r a r y .  For t h i s  
r e a s o n ,  t h r e e  s e p a r a t e  methods were used t o  e s t i m a t e  t h e  SNR. 

A s  n o t e d ,  both  t h e  PN sys tem and t h e  p r e s e n t  p u l s ?  sys tem 
a r e  des igned  t o  o p e r a t e  i n  one of t h e  minimum n o i s e  r e g i o n s  
between t h e  harmonics of 60 Hz. The i n p u t  SNR must be measured 
i n  t h e  same minimum and wi th  t h e  same bandwidth a s  t h e  system f o r  
a  meaningful  measurement.  For bo th  p u l s e  and PN r e c e i v e r s ,  t h e  



i n p u t  bandwidth is u s u a l l y  t a k e n  t o  be t h e  width  of  t h e  main l o b e  

of  t h e  (x S i n x )  s i g n a l  power spect rum.  These bandwidths a r e  20  Hz 

f o r  t h e  p u l s e  sys tem and 38 Hz f o r  t h e  PN sys tem.  A s  a  
compromise i n  t h e  f i r s t  e s t i m a t i o n  method, t h e  s i g n a l  and t h e  
n o i s e  were each measured i n  a f i l t e r  w i t h  a nominal 2 2  Hz 
bandwidth tuned t o  a c e n t e r  f r equency  of  1950 Hz. A s m a l l  
c o r r e c t i o n  was 2 p p l i e d  t o  e s t i m a t e  t h e  n o i s e  i n  20  Hz and 30 Hz- 
wide bands. 

The n o i s e  power i n  t h i s  bandwidth was measured wi th  t r u e  EMS 
r e a d i n g  v o l t m e t e r s .  S i n c e  we were i n t e r e s t e d  both  i n  t h e  t y p e s  
o f  n o i s e  p r e s e n t  and an e s t i m a t e  of t h e  r e s i d u a l  background n o i s e  
a f t e r  peak c l i p p i n g ,  t h e  n o i s e  power from t h e  R M S  v o l t m e t ~ r  
o u t p u t ,  t a k e n  from t h e  ana log  t 3 p e ,  was recorded  on a s t r i p c h a r t  
r e c o r d e r  o r  s t o r a g e  o s c i l l o s c o p e  s c r e e n  f o r  each of  t h e  t e s t s  
F i g  1 ) .  These r e s u l t s ,  f o r  each of  t h e  d a t a  t e s t s ,  appear  on  
t h e  l e f t - m o s t  column of  t h e  SNR e s t i m a t e s  of  Tab le  1. 

A second e s t i m a t e  was based on a p rocedure  sugges ted  by t h e  
Bureau of  Mines (S. Shope) . During p r i o r  and independent  
measurements a t  t h e  same f i e l d - t e s t  s i t e ,  and us ing  t h e  same 
t r a n s m i t t i n g  a n t e n n a ,  t h e  Eureau o f  Mines (Ref .  5 )  ~ e e s u r e d  t h e  
c o n s t a n t  "Q" i n  t h e  e q u a t i o n :  

I N A  HZ = - 
27rd 3 

where : 

I = antenna  RMS c u r r e n t  

N = number of  t u r n s  of  an tenna  

A = a r e a  of  an tenna  l o o p  

d  = l e n g t h  of  t r a n s m i s s i o n  p a t h  

Q = f a c t o r  r e p r e s e n t i n g  t h e  s i g n a l  l o s s  due t o  t h e  
conduc t ing  h a l f - s p a c e  

A t  1950 Hz, t h e  Q was de termined t o  be . d g 9 .  

I f  we had some way t o  e s t i m a t e  t h e  H coming from t h e  n o i s c -  z 
o n l y  measurements,  we cou ld  o b t a i n  a  t h e o r e t i c a l l y - p r e d i c t e d  
e s t i m a t e  of  t h e  s u r f a c e  SNR d u r i n g  any g i v ~ n  i n t e g r a t i o n  p e r i o d .  
The Eureau o f  Mines h a s  a  method f o r  computing an H Z  from n o i s e  

measurements ( s e e  Appendix E). For our  p u r p o s e s ,  we used a 
t h e o r e t i c a l  H Z  v a l u e  ( - 0 7 4  A / m )  based on a  minimum n o i s e  

exper ienced  a t  EI p r e v i o u s  mine which was n o t  o p e r a t i n g  (Ref .  6 ) .  
I n  any e v e n t ,  i t  may be t r u e  t h a t  s u r f a c e  n o i s e  a t  a non- 



o p e r a t i n g  mine may be c o a r s e l y  c o n s i s t e n t  a t  d i f f e r e n t  l o c a t i o n s  
and a t  d i f f e r e n t  t i m e s .  The numbers shown i n  t h e  middle  SNR 
column of Tab le  1 r e s u l t e d  from t h i s  e x e r c i s e .  Note t h a t  both  
t h i s  t h e o r e t i c a l  p r e d i c a t i o n  and t h e  p r e v i o u s  2 2  Hz measured SNR 
do no t  i n c l u d e  t h e  l a r g e  impulse n o i s e .  

The t h i r d  method of e s t i m a t i n g  i n p u t  SNR c o n s i s t e d  of  
examining t h e  o u t p u t  peak behav io r  r e l a t i v e  t o  t h e  i n t e r v e n i n g  
n o i s e - o n l y  b e h a v i o r ,  which now i n c l u d e s  t h e  impulse n o i s e .  The 
o u t p u t  geak-pu l se  v a l u e  is i n t e r p r e t e d  a s  E +n b  0 '  and t h e  

i n t e r v e n i n g  v a l u e s  a r e  i n t e r p r e t e d  a s  n g .  Then, u s i n g  t h e  

c l a s s i c a l  r e l a t i o n :  

Eb/nO = (S/K)i  x  TW = (S/N) x  (sequence  l e n g t h )  

and 

A hand-ca lcu la ted  method was used t o  perform t h i s  e s t i m a t e .  
The r ight -most  column of  SNR numbers i n  Tab le  1 r e s u l t e d  from 
t h i s  c a l c u l a t i o n .  Examples of  t h e  o u t p u t  f o r  t h i s  e s t i m a t e  
appear  i n  Appendix A.  Appendix C c o n t a i n s  t h e  a c t u a l  s i g n a l  
l e v e l s  and n o i s e  l e v e l s  t h a t  were used i n  t h e  SNR e s t i m a t e s .  

The f o l l o w i n g  comments a r e  in tended  t o  document what we 
l e a r n e d  abou t  t h e  n o i s e  behav io r  d u r i n g  t h e s e  t e s t s .  Curing 
c a l i b r a t i n g  t e s t s  M ,  ( P N ) ,  and L ,  ( p u l s e ) ,  which were t a k e n  p r i o r  
t o  t h e  d a t a  t e s t s  on Thursday,  t h e  t r a n s m i t t i n g  antenna  c u r r e n t s  
were h igh enough s o  t h a t  t h e  r e c e i v e d  s i g n a l  v o l t ? g e s  i n  t h e  2 2  
Hz f i l t e r  band measurement cou ld  be measured d i r e c t l y .  The 
unmodified C o l l i n s  an tenna  o u t p u t  was connected  d i r e c t l y  t o  t h e  
NAGRA r e c o r d e r  i n p u t  f o r  t h e s e  t e s t s .  On p layback ,  t h e  NAGRA 
o u t p u t  was f e d  t o  t h e  22  Hz bandwidth f i l t e r  and t h e  o u t p u t  
measured wi th  t h e  t r u e  RMS v o l t m e t e r s .  The s i g n a l  v o l t a g e  a t  t h e  
C o l l i n s  antenna  was then  c a l c u l a t e d  from t h e  known NAGRA g a i n  
s e t t i n g s .  

I n  c a l i b r a t i o n  t e s t  J ,  t a k e n  d u r i n g  t h e  same p e r i o d ,  t h e  
same system was used (wi th  h i g h e r  NAGRA g a i n  s e t t i n g s )  t o  r ecord  
t h e  background n o i s e  l e v e l .  The n o i s e  power read  by t h e  t r u e  RMS 
v o l t m e t e r s  was recorded on a  s t r i p c h a r t  r e c o r d e r  and on a s t o r a g e  
o s c i l l o s c o p e  s c r e e n .  The background n o i s e  l e v e l  was e s t i m a t e d  
from t h e s e  d i s p l a y s .  I t  was assmed, a s  i n  t h e  l e f t  p a r t  of t h e  
t a b l e ,  t h a t  t h e  l a r g e  and v e r y  u n p r e d i c t a b l e  n o i s e  p u l s e s  would 
be removed by peak c l i p p e r s  i n  an o p e r a t i o n a l  system. 

Cons ide r ing  t h e  c r u d e  n a t u r e  of  t h e  t h e o r e t i c a l  p r e d i c t  i o n s ,  
t h e  d i r e c t l y  measured i n p u t  SNR and t h e  backward-ca lcula ted  one 



a p p e a r  c o n s i s t e n t  w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n s .  N o t e  t h a t  
f r o m  t h e  m e a s u r e d  C o l l i n s  a n t e n n a  v o l t a g e  a t  t h i s  h i g h  
t r z n s m i t t e r  c u r r e n t ,  o n e  c o u l d  c a l c u l a t e  t h e  C o l l i n s  v o l t a g e  f o r  
e a c h  o f  t h e  o t h e r  T e s t  t r a n s m i t t e r  c u r r e n t s .  T h i s  c o u l d  b e  u s e d  
t o  c z l c u l a t e  a  s e t  o f  i n p u t  SNR f o r  t h e  C o l l i n s  a n t e n n a  a n d  t h e  
b a c k g r o u n d  n o i s e  o f  T h u r s d a y .  

T h i s  is e s s e n t i a l l y  w h a t  was  d o n e  f o r  t h e  PN t e s t s  l i s t e d  a t  
t h e  r i g h t  e d g e  o f  t h e  t a b l e .  However ,  t h e  b a c k g r o u n d  n o i s e  
v o l t a g e  was  t h e  n o i s e  v o l t a g e  m e a s u r e d  a t  t h e  o u t p u t  o f  t h e  
m o d i f i e d  r e s o n a n t  C o l l i n s  a n t e n n a  u s e d  w i t h  t h e  PN r e c e i v e r ,  a n d  
t h e  s i g n a l  v o l t a g e  was  o b t a i n e d  f r o m  t h e  s t r o n g e s t  s i g n a l s  
r e c e i v e a  w i t h  t h e  m o d i f i e d  m t e n n a  ( T e s t s  K ,  0 ,  A ,  a n d  C )  . 
A g a i n ,  t h e  i n p u t  SNR f o r  e a c h  t e s t  a p p e a r s  c o m p a t i b l e  w i t h  t h a t  
i n  t h e  o t h e r  s e c t i o n s  o f  t h i s  c h a r t .  A g a i n ,  we w o u l d  e x p e c t  a l l  
o f  t h e  tests s i g n a l s  ( w i t h  c l i p p i n g )  t o  b e  d e t e c t a b l e .  

We n o t e  t h a t  t h e  S N R  d o e s  n o t  d e p e n d  o n  e i t h e r  t h e  m t e n n a  
g a i n s  o r  t h e  s y s t z m  c a l i b r a t i o n  a s  l o n g  a s  t h e  same  s y s t e m  is 
u s e d  f o r  b o t h  t h e  s i g n a l  m e a s u r e m e n t s  a n d  t h e  n o i s e  m e a s u r 2 m e n t s .  
T h e r e  is g e n e r a l  a g r e e m e n t  i n  t h e s e  v a l u e s .  However ,  t h e  a c t u a l  
v o l t a g e s  f o r  o u r  r e s o n a n t  a n t e n n a  s y s t e m  a r e  r o u g h l y  30 times 
t h o s e  e x p e c t e d  f o r  t h e  t h e o r e t i c a l  n o n - r e s o n a n t  a n t e n n z  u s e d  i n  
t h e  p r e d i c t i o n s  a t  t h e  r i g h t  o f  t h e  t a b l e .  T h i s  a p p e a r s  
c o n s i s t e n t  w i t h  some s i m p l e  m e a s u r e m e n t s  w e  h a v e  made o n  t h e  
r e s o n a n t  a n t e n n a ,  b u t  w e  h a v e  n o  a b s o l u t e  c a l i b r s t i o n  f o r  t h e  
a n t e n n a  w h i c h  w e  c o u l d  u s e ,  f o r  e x a m p l e ,  t o  d e t e r m i n e  t h e  g r o u n d  
c o n d u c t i v i t y  f r o m  t h e  m e a s u r e d  a n t e n n a  v o l t a g e s .  The  v o l t a g e s  w e  
o b t z i n e a  f o r  t h e  u n m o d i f i e d  C o l l i n s  a n t e n n a  a r e  a l s o  h i g h e r  t h a n  
t h o s e  p r e d i c t e d  f o r  a n o n - r e s o n a n t  s y s t e m .  T h i s  a l s o  a p p e a r s  
c o n s i s t e n t  w i t h  o u r  e x p e r i e n c e .  B e f o r e  w e  t u n e a  o u r  a n t e n n a ,  i t  
was  s e l f - r e s o n a n t  r o u g h l y  3 KHz a b o v e  o u r  o p e r a t i n g  f r e q u e n c y .  
T h e s e  p o i n t s  w o u l d  h a v e  t o  b e  c h e c k e d  i f  t h e  PN s y s t e m  were t o  be 
u s e d  f o r  g r o u n d  c o n d u c t i v i t y  m e a s u r e m e n t s .  F o r t u n a t e l y ,  t h e y  
h a v e  no  d i r e c t  e f f e c t  o n  t h e  c o m m u n i c a t i o n  s y s t e m  SNR 
c a l c u l a t i o n s .  

7. T e s t  R e s u l t s  - - ----- 
A f t e r  p r o c e s s i n g  t h e  t a p e s ,  i t  was  f o u n d  t h a t  t h e  maximum 

s e n s i t i v i t y  f o r  t h e  p r o c e s s i n g - r e c e i v e r  o c c u r r e d  f o r  1 6 - s e q u e n c e -  
l o n g  i n t e g r a t i o n  ( 4 . 4 6  m i n u t e s ) ,  a n d  n o t  f o r  t h e  e x p e c t e d  64-  
s e q u e n c e  l e n g t h  ( 1 7 . 8 5 4  m i n u t e s )  . U s i n g  t h e  h i g h  s i g n a l  l e v e l s  
i n  T e s t  A ,  w e  were a b l e  t o  show t h a t  t h i s  r e s u l t  was  5 u e  t o  some 
d r i f t  b e t w e e n  t h e  t r a n s m i t t i n g  o s c i l l a t o r  a n d  t h e  r e c e i v i n g  
o s c i l l a t o r .  W e  d o  n o t  know t h e  r e a s o n  f o r  t h i s  d r i f t ,  b u t  t h e  
r e s u l t  is t h a t ,  f o r  t h e s e  f i e l d  t e s t s ,  t h e  op t imum r e s u l t s  o c c u r  
when o n e  l i m i t s  t h e  i n t e g r a t i n g  t i m e  t o  4 . 4 6  m i n u t e s .  T h i s  is 
p r o b a b l y  t h e  maximum t o l e r a b l e  d e l a y  time i n  a n  o p e r a t i o n a l  
s y s t e m ;  n e v e r t h e l e s s ,  f o r  p u r p o s e s  o f  d e m o n s t r 3 t i n g  maximum 
s i g n a l  p r o c e s s i n g  c a p a b i l  i t y ,  w e  d i d  o r  i g i n a l l y  i n t e n d  t o  
c o h e r e n t l y  i n t e g r a t e  u p  t o  1 7 . 8 5 4  m i n u t e s .  



F o r  T e s t  A ,  ( F i g .  l l a ) ,  a n d  T e s t  C  ( F i g .  l l b ) ,  t h e  s i g n a l s  
a r e  d e t e c t a b l e  w i t h  1, 4 ,  1 5  o r  64  s e q u 2 n c e  a d d i t i o n s .  H e n c e ,  
t h e  e a r l i e s t  a l a r m  i n  t h i s  c a s e  w o u l d  h a w  o c c u r r e d  i n  1 6 . 5 4  
s e c o n d s .  F i g u r e  l l a  s h o w s  s i x  s a m p l e s  o f  t h e  r e c e i v e r  o u t p u t  
time a x i s  when t h e  minimum i n t e g r ' a t i o n  time ( 1 6 . 7 4  s e c o n d s )  is 
u s e d .  The  i n p u t  SNR is e s t i m a t e d  t o  b e  28 .4  dB. A s  s e e n  i n  
F i g .  l l a ,  t h e  o u t p u t  time a x i s  s h o w s  n o  o f f - p u l s e  a c t i v i t y ,  w h i c h  
m e a n s  t h a t  t h e  o u t p u t  n o i s e  is  lower t h a n  t h e  s m a l l e s t  d i g i t a l  
q u a n t i z a t i o n  i n t e r v a l .  The  s i g n i f i c a n c e  o f  t h i s  is  t h a t  t h e  
i n p u t  SNR is  much l a r g e r  t h a n  r e q u i r e d .  The  d a t a  r e d u c t i o n  
p r o g r a m  c o m p u t e d  t h e  r e c e i v e d  p h a s e  a n g l e  ( A )  f o r  t h e  time 
p o s i t i o n  i d e n t i f i e d  a s  t h e  maximum ( r e f e r e n c e )  p o s i t  i o n .  I n  

F i g .  l l a ,  w e  see t h a t  t h e  p h a s e  a n g l e  c h a n g e d  b y  15' i n  1 . 4  
m i n u t e s .  T h i s  i n d i c a t e s  a  t r a n s m i t t e r  f r e q u e n c y  e r r o r  o f  2 . 6  

7  p a r t s  i n  1 8  . Also,  2s s e e n ,  t h e  o u t p u t  n o i s e  is  a t  t h e  
r e s o l u t i o n  l i m i t  o f  t h e  d i s p l a y  ( o r  l o w e r )  . 

F i g u r e  l l b  shows  t h e  r e s u l t s  o f  T e s t  C, w h e r e  t h e  i n p u t  SNR 
is e s t i m a t e d  t o  b e  2 . 1 4  dB,  w i t h  i n t e g r a t i o n  time s t i l l  e q u a l  t o  
t h e  (minimum) 1 6 . 7 4  s e c o n d s .  H e n c e ,  a g a i n  t h e  a l a r m  w o u l d  h a v e  
o c c u r r e d  1 6 . 7 4  s e c o n d s  a f t e r  t r a n s m i t t e r  t u r n - o n .  A g a i n ,  t h e  
i n p u t  SNR is  s u f f i c i e n t l y  h i g h  s o  t h a t  o f f  p e a k  o u t p u t  " n o i s e -  
o n l y "  v a l u e s  a r e  below t h e  q u a n t i z a t i o n  l e v e l  o f  t h e  p r o c e s s o r .  

F i g u r e  1 2 a  s h o w s  a s e r i e s  o f  s i x  o u t p u t  time a x e s ,  f r o m  T e s t  
Q ,  when t h e  i n p u t  SNR w a s  e s t i m a t e d  t o  b e  a b o u t  - 1 1 . 7  dB,  w h i c h  
i n c l u d e d  t h e  e r r a t i c  t h u n d e r s t o r m  i m p u l s g s  a n d  t h e  l a r g e  p e r i o d i c  
i m p u l s e s .  The  i n t e g r a t i o n  time i s  now 4 . 4 6  m i n u t e s ,  t h e  l o n g e s t  
e f f e c t i v e  i n t e g r a t i o n  time f o r  t h e s e  f i e l d  tests  ( r e c a l l ,  t h e  
1 7 . 8 5 4  m i n u t e  i n t e g r a t o n  w a s  less e f f e c t i v e  b e c a u s e  o f  f r e q u e n c y  
d r i f t  b e t w e e n  o s c i l l a t o r s )  . We u s 4  t h e  o f  £ - l i n e  c l i p p i n g  
a r r a n g e m e n t  o f  F i g .  9 t o  a c h i e v e  t h e  c l e a n  r e s u l t s  o f  F i g .  1 2 a .  
F i g u r e  1 2 b  s h o w s  t h e  s a m e  d a t a ,  w i t h  s a m e  i n t e g r a t i o n ,  b u t  
w i t h o u t  u s e  o f  c l i p p i n g .  

F i g u r e  1 3  s h o w s  a  s e r i e s  o f  1 0  o u t p u t  time a x e s  f o r  T e s t  P ,  
w h e r e  t h e  i n p u t  SNR ( w i t h  i m p u l s e  n o i s e  e x c l u d e d )  was  e s t i m a t e d  
t o  b e  a b o u t  - 1 9 . 9  dB. The  i n t e g r a t i o n  time w a s  a g a i n  4 . 4 6  
m i n u t e s  a n d  c l i p p i n g  was  r e q u i r e d .  W e  e s t i m a t e  t h a t ,  f o r  a l a r m  
p u r p o s e s ,  t h e  SNR is  s t i l l  somewha t  a b o v e  t h r e s h o l d  f o r  r e l i a b l e  
d e t e c t i o n  w i t h  n e g l i g i b l e  f a l s e  a l z r m s .  

F i g u r e  1 4  s h o w s  a  s e r i e s  o f  1 0  o u t p u t  time a x e s  f o r  T e s t  E ,  
w h e r e  t h e  i n p u t  SNR ( w i t h  i m p u l s e  n o i s e  e x c l u d e d )  w a s  e s t i m a t e d  
t o  b e  - 3 8 . 8  dB. The  i n t e g r a t i o n  time was  4 .46  m i n u t e s ,  a n d  
c l i p p i n g  w a s  r e q u i r e d .  We b e l i e v e  t h i s  t e s t  c o a r s e l y  c o r r e s p o n d s  
t o  t h r e s h o l d  o p e r a t i o n  f o r  a  r e l i a b l e  a l a r m  s y s t e m .  

8. C o n c l u s i o n  a n d  R e c o m m e n d a t i o n s  - -- - 
T h e  m a j o r  c o n c l u s i o n  is t h a t  t h e  f i e l d  t e s t  d e s c r i b e d  h e r e i n  

d e f i n i t e l y  d e m o n s t r a t e d  i n  t h e  f i e l d  t h e  v i a b i l i t y  a n d  p o t e n t i a l  
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of  t h e  PN-signal p l u s  c o h e r e n t - i n t e q r q t i o n  t e c h n i q u e  t h a t  we a r e  
pursu ing  f o r  t h e  Bureau of  Mines. W e  d e m o n s t r a t e d ,  u s i n g  
i n t e g r a t i o n  t i m e s  of  4.46 m i n u t e s ,  r e l i a b l e  o p e r a t i o n  a t  
t r a n s m i t t e r  an tenna  c u r r e n t s  of 8.25 m A ,  c o r r e s p o n d i n g  t o  abou t  
an i n p u t  SNR of -38 .8  dB. 

The s u p e r i o r i t y  of  t h e  PN s i g n a l  was demonst ra ted  d u r i n g  
t h e s e  f i e l d  t e s t s .  One e l e m e n t a r y  b u t  c r u c i a l  a s p e c t  is t h e  
( r e l a t i v e )  i n h e r e n t  d e t e c t a b i l  i t y  of  t h e  o u t p u t  " p u l s e "  t h a t  
r e s u l t s  from matched-£ i l t e r  ing  a  s i g n a l  having an i d e a l  ( p u l s e )  
a u t o c o r r e l a t i o n  f u n c t i o n .  Another s u p e r i o r i t y  of  t h e  PN 
s i g n a l - p l u s - s t a b l e  c l o c k  r e s u l t s  from t h e  t r u e - z e r o  t h a t  o c c u r s  
i n  t h e  power s p e c t r a l  d e n s i t y  a t  harmonics of  t h e  6 0  Hz power 
sys tem.  The t r u e  z e r o  a p p a r e n t l y  i s  r e l i a b l e  and s t a b l e  because  
t h e  l a r g e  p o w e r - d i s t r i b u t i o n  sys tem h a s  a  s t a b l e  and w e l l -  
con t r o l l e d  f requency .  The s t a b l e  o s c i l l a t o r  used i n  our  sys tem,  
f o r  c o h e r e n t  i n t e g r a t i o n ,  i n  c o m b i m t  ion wi th  t h e  s t a b l e  power- 
f r equency ,  p e r m i t s  a s u p p r e s s i o n  of harmonics which is d i f  f i cu?  t 
t o  match w i t h  s t e e p - s l o p e d  f i l t e r s .  

S t i l l  ano the r  advan tage  of  t h e  PN s i g n a l  h e r e  i s  i t s  
c o m p a t i b i l i t y  w i t h  e x t e n d i n g  t h e  a la rm-func t ion  d i s c u s s e d  t h u s  
f a r  t o  e n s u i n g  u p l i n k  communications. The p u l s e - o u t p u t  i s  
s e n s i b l y  compat ib le  w i t h  a h i g h  M-ary p u l s e - p o s i t i o n  modul.ation. 
The a c h i e v a b l e  u p l i n k  d a t a  r a t e  i s  p r o p o r t i o n a l  t o  loq2M a n d  

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  t o t a l  i n t e g r a t i o n  t ime  r e q u i r e d .  
T h i s  is d i s c u s s e d  f u r t h e r  l a t e r  when c o n s i d e r i n g  recommendat i o n s .  

The a t t r a c t i v e n e s s  of  p a r a l l e l  p r o c e s s i n g ,  which implements 
an adap t  ive - type  p r o c e s s i n g ,  was demonst ra ted  d u r i n g  t h e s e  t e s t s .  
I n  e f f e c t ,  t h e  a la rm o c c u r s  a t  t h e  e a r l i e s t  t i m e ,  commensurate 
w i t h  t h e  i n p u t  SNR. O p e r a t i o n a l  d e s i g n  ( s a y )  would p robab ly  aim 
t o  have t h e  a la rm occur  a t  t h e  minimum t ime  ( s a y  1 5  s e c o n d s ) .  
Then, t h e  l o n g e r  s i g n a l - p r o c e s s i n g  t i m e s  s imply  guard t h o s e  
c o n d i t i o n s  under which some unexpected phenomenon r e s u l t s  i n  a 
lower SNR. Although e l e m e n t a r y  i n  c o n c e p t ,  t . h i s  a p p e a r s  t o  be 
t h o r o u g h l y  s e n s i b l e  f o r  p r o v i d i n g  a r e l i a b l e  a larm and 
communication sys tem.  

A s  u s u a l l y  o c c u r s ,  t h e  f i e l d  t e s t s  h e r e  r e v e a l e d  c e r t a i n  
improvements t h e t  a r e  s e n s i b l e  and w a r r m t e d .  F i r s t ,  we now 
r e a l i z e  t h a t  o p e r a t i o n  w i l l  be improved by u s i n g  a  c l i p p e r  ahead 
of  any f i l t e r i n g  , which is  a d j u s t e d  t o  somewhat -3bove t h e  
"between 60 Hz p u l s e s "  l e v e l  of  t h e  ongoing t ime  a x i s .  Such 
c l i p p i n g  w i l l  a l s o  do t h e  b e s t  job  p o s s i b l e  of  r educ ing  t h e  
e f f e c t  o f  a tmospher ic  p u l s e  n o i s e .  We would have exper ienced  
somewhat improved r e s u l t s  from t h i s  f i e l d  t e s t  i f  such a c l i p p e r  
had been used.  

Another improvement would have been a v a i l a b l e  i f  t h e  
f r e q u e n c i e s  had n o t  d r i f t e d  somewhat over  t h e  maximum planned 
i n t e r v a l  of  17.84 minu tes .  Although we cou ld  e s t a b l i s h ,  by 
d e t a i l e d  d i a g n o s t i c  examina t ion  of  t h e  d a t a  d u r i n g  t h e  h igh  SNR 



t e s t s ,  t h a t  t h e  d r i f t  o c c u r r e d ,  we do  n o t  know t h e  c a u s e .  T h i s  
a s p e c t  w i l l  w a r r a n t  f u r t h e r  a t t e n t i o n  i n  moving toward an 
o p e r a t i o n a l  system. 

I t  i s  t h e  a u t h o r s '  o p i n i o n  t h a t  one s i g n i f i c a n t  a p p l i c a t i o n  
of  t h e  new sys tem l i e s  i n  us ing  f i x e d - p o i n t ,  round-the-clock 
r e c e i v i n g  s i t e s  t o  r e p l a c e  t h e  i n i t i a l  d e t e c t i o n  now done by 
h e l i o c o p t e r - s e a r c h  fo l lowed by walking over  t h e  i n d i c a t e d  a r 3 a .  
Another s i g n i f i c a n t  a p p l i c a t i o n  l i e s  i n  us ing  a l o c a l i z e d  n u l l -  
s e e k i n g  s t r a t e g y  t o  p o s i t  i o n - l o c a t e  t h e  t r a n s m i t t e r .  

Having now demonst ra ted  t h e  f e a s i b i l i t y  of  an u l t r a - r z i i 3 b l e  
s i g n a l l i n g  sys tem,  i t  i s  recommended t h a t  t h e  system be r e f i n e d  
and an implementa t ion  s t r a t e g y  be deve loped .  Sugges ted  
r e f i n e m e n t s  i n c l u d e :  

a )  Design and d e v e l o p  a s u r f a c e  " b a s e  s t a t i o n , "  t h a t  
e f f i c i e n t l y  accompl i shes  t h e  s i g n a l  p r o c e s s i n g .  

b )  I n v e s t i g a t e  t h e  p o s s i b i l i t y  of  u p l i n k  v o i c e ,  u s i n g  some 
l o w - b i t - r s t e  v o i c e  d i g i t i z a t i o n ,  p l u s  an e f f i c i e n t  
d i g i t a l  modula t ion .  

c )  I n v e s t i g a t e  p o s i t  i o n - l o c a t i o n  improvements znd 
t e c h n i q u e s  t h a t  a r e  o f f e r e d  w i t h  t h i s  s i g n a l l i n g  
approach.  

The implementa t ion  s t r a t e g y  shou ld  i n c l u d e  c o n s i d e r a t i o n  of  
g e n e r a l  communication or  measurement o p p o r t u n i t i e a  t h a t  a r e  
opened up by t h i s  system. 



APPENDIX A 

A Sample  o f  t h e  P r i n t e d  D a t a  C u t p u t  o f  t h e  EN P r o c e s s o r  

E r v i n  H o l l a n d - M o r i t z  

A l l  o f  t h e  a n a l o g  r e c o r d e d  PN t e s t  d a t a  a s  w e l l  a s  t h e  
d i g i t a l  r e c o r d e d  PN d a t a  was p r o c e s s e d  and  p r i n t e d  o u t  i n  t a b u l a r  
f o r m  f o r  d e t a i l e d  a n a l y s i s .  I n c l u d i n g  c l i p p i n g  t es t s ,  t h e r e  a r e  
more  t h a n  2 5  se ts  o f  s u c h  p r i n t e d  t a b l e s ,  e a c h  c o n s i s t i n g  o f  more  
t h a n  1 3 0  p a g e s  w i t h  8 c o l u m n s  o f  d a t a  p e r  p a g e .  P a r t  o f  a  s a m p l e  
p a g e  f rom t h e  T e s t  A o u t p u t  i s  shown i n  T a b l e  A - 1 .  T h i s  s a m p l e  
is f r o m  t h e  d i g i t a l  r e c o r d i n g  and  was  p r o c e s s e d  w i t h  n o  c l i p p i n g  
o r  low f r e q u e n c y  n o i s e  r e j e c t i o n .  

The i n d e x  co lumn (1) on  t h e  l e f t  r e p r e s e n t s  i n c r e a s i n g  t i m z  
f r o m  s t a r t  o f  p r o c e s s i n g  i n  i n t e r v a l s  o f  8 . 2  m i l l i s e c o n d s .  I n  
e a c h  time i n t e r v a l  a  new p r o c e s s e d  o u t p u t  i s  computed  f r o m  t h e  
d e m o d u l a t e s  and p r i n t e d  i n  t h e  f o l l o w i n g  c o l u m n .  I f  a n y  s i g n a l  
p u l s e s  a r e  p r e s e n t ,  t h e y  w i l l  b e  s e p a r a t e d  b y  2040 i n  t h e  i n d e x  
number c o u n t ,  b u t  t h e  s i g n a l  may s t a r t  a t  a n y  i n d e x  number .  

Columns ( 2 )  and  ( 3 )  a r e  p r o c e s s e d  o u t p u t s  w i t h  c o h e r e n t  
i n t e g r a t i o n  o v e r  o n l y  o n e  FN s e q u e n c e  p e r i o d .  Column ( 2 )  
c o n s i s t s  a l t e r n a t e l y  o f  t h e  p r o c e s s e d  i n p h a s e  d e m o d u l a t e s  and  t h e  
p r o c e s s e d  q u a d r a t u r e  d e m o d u l a t e s .  T h e r e  a r e  4 p a i r s  o f  
d e m o d u l a t e s  p e r  PN s i g n a l  c h i p .  P r i o r  t o  i n d e x  #901 a n d  a f t e r  
#9.1E,  numbers  r e p r e s e n t  a l t e r n a t e l y  t h e  i n p h a s e  and q u a d r a t u r e  
n o i s e  v o l t a g e s .  I n  b e t w e e n ,  t h e  v o l t a g e s  a r e  a c o m b i n a t i o n  o f  
n o i s e  and s i g n a l .  The s i g n a l  p e a k  o c c u r s  a t  i n d e x  # 9 0 3 .  I f  t h e  
SNR is  a d e q u a t e ,  t h e  r e c e i v e d  s i g n a l  p h a s e  c a n  b e  d e t e r m i n e d  f r o m  
t h e  m a g n i t u d e s  o f  t h e  a d j a c e n t  i n p h a s e  a n d  q u a d r a t u r e  v o l t a g e s .  
N o t e  t h a t  t h e r e  a r e  s t i l l  4 p r o c e s s e d  d e m o d u l a t e s  p e r  s i g n a l  
p u l s e  a t  t h i s  p o i n t .  I n  t h e  f i n a l  p r o c e s s i n g ,  a  c o h e r e n t  s l i d i n g  
window a v e r a g e  o v e r  4 p a i r s  o f  d e m o d u l a t e s  is t a k e n .  

The p r o c e s s e d  o u t p u t  f r o m  co lumn ( 2 )  is p r i n t e d  i n  co lumn 
( 3 ) .  The i n p h a s e  p r o c e s s e d  d e m o d u l a t e s  a r e  combined  i n  a s l i d i n g  

window sum o v e r  4 and  t h e  window o u t p u t  is s q u a r e d .  The  
q u a d r z t u r e  d e m o d u l a t e s  a r e  s i m i l a r l y  combined  and  s q u a r e d .  The 
number p r i n t e d  i n  co lumn ( 3 )  is t h e  sum o f  t h e  s q u a r e s  o f  t h e  
i n p h a s e  and q u a d r a t u r e  c o m p o n e n t s .  N o t e  t h a t  t h e  i n d e x  number 
a n d  s l i d i n g  windows t h e n  s h i f t  by o n e  d e m o d u l a t e  s o  t h a t  e a c h  
p r o c e s s e d  d e m o d u l a t e  is u s e d  twice,  o n c e  w i t h  i t s  p r e c e d i n g  
q u a d r a t u r e  componen t  a n d  o n c e  w i t h  i t s  f o l l o w i n g  q u a d r a t u r e  
c o m p o n e n t .  S i n c e  t h e s e  o u t p u t  n u m b e r s  a r e  b a s e d  o n  s a m p l e s  t a k e n  
a t  f i x e d  t i m e  i n t e r v a l s ,  t h e y  c a n  b e  i n t e r p r e t e d  e i t h e r  a s  
( s i g n a l + n o i s e )  power o r  ( s i g n a l + n o i s e )  e n e r g y .  I n  p a r t i c u l a r ,  
t h e  peak  number is t h e  e n e r g y  o f  t h e  PN s i g n a l  ( w i t h  n o i s e )  a f t e r  
c o h e r e n t  i n t e g r a t i o n  o v e r  o n e  s e q u e n c e  p e r i o d .  

S i m i l a r l y ,  c o l u m n  ( 4 )  c o n s i s t s  o f  p r o c e s s e d  d e m o d u l a t e s  
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a f t e r  c o h e r e n t  i n t e g r a t i o n  over  4  PN sequence  p e r i o d s .  Each 
demodulate  i n  t h i s  column is o b t a i n e d  from t h e  average  of  4 
cor respon6 ing  demodula tes  from 4 c o n s e c u t i v e  p u l s e s  i n  t h e  column 
( 2 )  d a t a .  Column ( 5 )  is t h e  p rocessed  o u t p u t  a f t e r  c o h e r e n t  
i n t e g r a t i o n  over  4 PN sequence  p e r i o d s .  I t  is o b t a i n e d  from 
column ( 4 )  by t h e  same s l i d i n g  window and s q u a r i n g  p r o c e s s  
d e s c r i b e d  above f o r  column ( 3 ) .  

Column ( 7 )  is t h e  o u t p u t  a f t e r  i n t e g r a t i o n  over  1 6  p e r i o d s ,  
w h i l e  column ( 9 )  is t h e  o u t p u t  a f t e r  i n t e g r s t i o n  of 64 p e r i o d s .  
I n  each c a s e ,  t h e  new processed  demodula tes  a r e  o b t a i n e d  by 
a v e r a g i n g  t h e  cor respond ing  p rocessed  demodula tes  from 4 PN 
sequence  p e r i o d s  from s h o r t e r  i n t e g r a t i o n  t ime.  

Because t h e  new demodula tes  a r e  o b t a i n e d  a s  an a v e r a g e ,  t h e  
i d e a l  p u l s e  o u t p u t s  f o r  a  n o i s e - f r e e  system wi th  i d e s 1  
i n t e g r a t i o n  of a  c o n s t a n t  s i g n a l  shou ld  remain t h e  same w i t h  
i n c r e a s i n g  i n t e g r a t i o n  t ime .  I f  t h e  n o i s e  is  u n c o r r s l a t e d  wi th  
t h e  s i g n a l  ( f o r  example, i n  Gauss ian  n o i s e ) ,  t h e n  t h e  a v e r a g e  
n o i s e  power should  d e c r e a s e  by 6 dB i n  go ing  from one i n t e g r a t i o n  
t ime  t o  t h e  n e x t  l o n g e r  t ime.  The d e t a i l e d  p r i n t e d  d a t a  can  be 
used t o  de te rmine  i f  t h e  sys tem,  o p e r a t i n g  i n  r e a l  mine n o i s e ,  i s  
performing a s  d e s i g n e d ,  and f o r  f i n d i n g  improved p r o c e s s i n g  
a l g o r i t h m s  f o r  i n c r e a s i n g  t h e  r e l i a b i l i t y  of  s i g n a l  d e t e c t i o n .  
However, t h i s  o u t p u t  i s  much t o o  d e t a i l e d  f o r  d i s p l a y  t o  an 
o p e r a t o r  i n  r e a l  t ime.  G r a p h i c a l  p u l s e  d i s p l a y s ,  o b t a i n e d  e i t h e r  
by p l o t t i n g  t h e s e  numer ica l  t a b l e s  ( o r  o b t a i n e d  more d i r e c t l y  
from t h e  SCMP p r o c e s s i n g  s e q u e n c e ) ,  a r e  more u s e f u l  i n  e v a l u a t i n g  
performance under o p e r a t i o n a l  c o n d i t i o n s .  

Note t h a t  i n  t h e  p r e s e n t  numer ica l  p r o c e s s i n q ,  o n l y  t h e  o a t e  
f o r  t h e  most r e c e n t  4  p u l s e s  f o r  each l e v e l  of i n t e g r a t i o n  i s  
saved i n  t h e  computer a r r a y s .  The e a r l i e r  d a t a  was used i n  
c a l c u l a t i n g  t h e  l o n g e r  term a v e r a g e s ,  b u t  a t  a l a t e r  t ime canno t  
be d i s p l a y e d  s e p a r a t e l y  w i t h o u t  r e r e a d i n g  t h e  MTXC d a t a  t a p e .  
S i n c e  t h e r e  a r e  a t  l e a s t - 1 2 8  PN p u l s e  sequences  i n  a  s i n g l e  t e s t ,  
p r i n t i n g  a  comple te  l i s t  of a l l  t h e  d a t a  p u l s e s  i n  t h i s  d e t a i l e d  
manner is i m p r a c t i c a l ,  e s p e c i a l l y  i n  an o p e r a t i o n s 1  sys tem.  On 
t h e  o t h e r  hand,  it  is q u i t e  p r a c t i c a l  t o  d i s p l a y  128 c o n s e c u t i v e  
p u l s e s  on a  g r a p h i c a l  p r i n t e r  o u t p u t .  

The numbers p r i n t e d  a t  t h e  bottom of Tab le  A - 1  a r e  t h e  
computed s i g n a l  powers and t h e  average  of t h e  n o i s e  power samples 
f o r  t h e  p a r t i c u l a r  p u l s e s  shown. Eecause t h e  t i m e s  of 
i n t e g r a t i o n  i n c r e a s e  towerds  t h e  r i g h t ,  t h e  l o n g e r  i n t e g r a t i o n  
t i m e s  may i n c l u d e  l a r g e  n o i s e  p u l s e s  which may, o r  may n o t  have 
been p r e s e n t  i n  t h e  s h o r t e r  d a t a  p e r i o d s  d i s p l a y e d  towards t h e  
l e f t .  

We s e e  t h a t  t h e  c o h e r e n t  s i g n a l  i n t e g r a t i o n  is q u i t e  good up 
t o  i n t e g r a t i o n  over  16 p e r i o d s .  Then t h e  d r i f t  i n  t r a n s m i t t e r  
f r equency  caused a  s i g n i f i c a n t  l o s s  i n  s i g n a l  power. The average  
n o i s e  power v a r i e s  wide ly  from p u l s e  t o  p u l s e  because  of t h e  
n o i s e  s t a t i s t i c s .  In some c a s e s ,  i t  d e c r e a s e s  a t  more than  t h e  



e x p e c t e d  6 dE i n  g o i n g  f r o m  o n e  i n t e g r a t i o n  t i m e  t o  t h e  n e x t .  I n  
o t h e r  c a s e s ,  t h e  d e c r e a s e  i s  l e s s  t h a n  6 dB. Any c o n s i s t e n t  
d e c r e z s e  o f  l e s s  t h a n  6 dB i n d i c a t e s  t h a t  t h e r e  is  some 
c o r r e l a t i o n  b e t w e e n  t h e  e x i s t i n g  n o i s e  and t h e  s i g n a l  ( f o r  
e x a m p l e ,  6 0  Hz h a r m o n i c s  i n  t h e  s i g n a l  b a n d ) .  I n  p r i n c i p l e ,  s u c h  
c o r r e l a t e d  n o i s e  c a n  b e  removed by improved  p r o c e s s i n g  
a l g o r i t h m s .  



APPENDIX B 

C o m p a r i s o n  o f  t h e  P u l s e d  S y s t e m  t o  t h e  PN Method 

S t e v e n  S h o p e  
U. S .  B u r e a u  o f  M i n e s  

An o b j e c t i v e  o f  t h e  J u n e  f i e l d  t e s t  was  t o  e v a l u a t e  t h e  
p e r f o r m a n c e  o f  t h e  PN c o m m u n i c a t i o n  m e t h o d  a s  a  t r a p p e d  m i n e r  
l o c a t i o n  t e c h n i q u e .  The  p e r f o r m a n c e  o f  t h e  e x i s t i n g  p u l s e d  
l o c a t i o n  s y s t e m  h a s  b e e n  w e l l  d e f i n e d  t h r o u g h  e a r l i e r  r e s e a r c h  
e f f o r t s .  A r o u g h  a p p r o x i m a t i o n  o f  t h e  PN s y s t e m ' s  p e r f o r m a n c e  
c a n  b e  made  b y  f i e l d  t e s t i n g  t h e  two s y s t e m s  a t  t h e  s ame  s i t e  
u n d e r  s i m i l a r  n o i s e  c o n d i t i o n s .  I t  m u s t  be r e a l i z e d  t h a t  t h i s  
c o m p s r i s o n  s e r v e s  o n l y  a s  a c r u d e  e s t i m a t e  a n d  is  by n o  m e a n s  
c o n c l u s i v e .  

A t  t h e  L a k e  Lynn t e s t  s i t e ,  t h e  1 9 5 8  Hz p u l s e d  t r a p p e d  m i n e r  
t r a n s m i t t e r  w a s  c h o s e n  a s  t h e  r e f e r e n c e  d e v i c e .  T h e  u n d e r g r o u n d  
a n t e n n a  c o n f i g u r a t i o n  w a s  t h e  same  f o r  b o t h  t r a n s m i t t e r s  ( p u l s e d  
a n d  P N ) .  The  s i g n a l s  o n  t h e  s u r f a c e  w e r e  t a p e  r e c o r d e d  f o r  l a t e r  
a n a l y s i s .  The  c u r r e n t  i n  t h e  u n d e r g r o u n d  a n t e n n a  was  c a l c u l a t e d  
b y  m e a s u r i n g  t h e  v o l t a g e  d r o p  a c r o s s  a s h u n t  r e s i s t a n c e  p l a c e d  i n  
s e r i e s  w i t h  t h e  a n t e n n a  l o o p .  An a v e r a g i n g  FFT w a s  u s e d  t o  make 
t h i s  v o l t a g e  m e a s u r e m e n t .  

A n a l y s i s  o f  t h e  s u r f a c e  v e r t i c a l  m a g n e t i c  f i e l d  r e v e a l e d  t h e  
p u l s e d  t r a n s m i t t e r  p r o d u c e d  3 7 . 2 7  dB ( r e :  1 amp/m) . T h e  v e r t i c a l  
m a g n e t i c  n o i s e  f i e l d  e x c l u d i n g  6 6  Hz h a r m o n i c s  w a s  4 . 6 0  dB 
( r e : l  amp/m) .  The  n e t  SNR o n  t h e  s u r f a c e  d u e  t o  t h e  p u l s e d  
t r a n s m i t t e r  w a s  3 2 . 6 7  dB. T h e  u n d e r g r o u n d  m a g n e t i c  moment was  

2  1 0 5  ~ m ~ - m ~  ( - 5 2 6  amps f l o w i n g  i n  a l o o p  o f  a r e a  200 m ) .  F o r  t h e  
s a k e  o f  a r g u m e n t ,  s a y  t h e  minimum d e t e c t a b l e  SNP ( f o r  some 
p r o b a b i l i t y  o f  d e t e c t i o n  a n d  f a l s e  a l a r m  r a t e )  is  1 0 . 2  dB. S i n c e  
t h e  s y s t e m  is l i n e a r ,  t h e  p u l s e d  t r a n s m i t t e r  m u s t  p r o d u c e  a t  

l e a s t  . 3 9 6 ~ 1 8 - ~  amps ( - 5 2 6  amps down b y  ( 3 2 . 6 7 - 1 8 . 2 ) d B )  f o r  t h e  

s i g n a l  t o  b e  d e t e c t e d  o n  t h e  s u r f a c e .  I n  o t h e r  w o r d s ,  . ? 9 6 ~ 1 8 - ~  
amps wou ld  p r o d u c e  t h e  1 0 . 2  dB minimum SNR o n  t h e  s u r f a c e .  

I n  t e s t  "E" o f  t h e  PN t e c h n i q u e ,  250 amps w e r e  f l o w i n g  i n  
t h e  l o o p .  On t h e  s u r f a c e ,  a f t e r  d e t e c t i o n  a n d  p r o c e s s i n g ,  t h e  
r e c e i v e r  p r o d u c e d  a  1 8 . 2  SNR o u t p u t .  T h u s ,  w e  h a v e  s i m i l a r  
s i g n a l s  f r o m  b o t h  s y s t e m s ,  y e t  t h e  PN m e t h o d  r e q u i r e d  o n l y  258  

amps w h i l e  t h e  p u l s e  s y s t e m  r e q u i r e d  . 3 9 6 ~ 1 0 - ~  amps .  The  
d i f f e r e n c e  i n  t h e  t w o  s y s t e m s  is 4 4 . 0  dB. T h i s  f i g u r e  may be 
r o u g h l y  u s e d  a s  t h e  p e r f o r m a n c e  i m p r o v e m e n t  o n e  o b t a i n s  b y  u s i n g  
t h e  PN t e c h n i q u e .  



APPENDIX C 

I n p u t  SNR E s t i m a t e s  

E r v i n  H o l l a n d - M o r i t z  

T a b l e  C - 1  c o n t a i n s  t h e  d e t a i l e d  n u m b e r s  f r o m  w h i c h  t h e  i n p u t  
n o i s e  e s t i m a t e s  o f  T a b l e  1 ( i n  t e x t )  w e r e  o b t a i n e d .  I n  a d d i t i o n ,  
t h e  t a b l e  c o n t a i n s  a n  a d d i t i o n a l  s e t  o f  " e x p e c t e d I 1  n o i s e  and  
s i g n a l  v a l u e s .  The  " e x p e c t e d "  f i e l d  s t r e n g t h  a n d  t h e  r e s u l t a n t  
a n t e n n a  v o l t a g e s  were c a l c u l a t e d  f r o m  t h e  e q u a t i o n s  i n  T a b l e  C-1, 
u s i n g  Q=.409 f r o m  p r e v i o u s  B u r e a u  o f  M i n e s  m e a s u r e m e n t s  a t  t h i s  
s i t e .  The v o l t a g e  e q u a t i o n  a s s u m e s  3 n o n - r e s o n a n t  m t e n n a  c o i l .  
M e a s u r e m e n t s  o n  t h e  a n t e n n a  c o i l s  i n d i c a t e  t h a t  b o t h  c o i l s  
a c t u a l l y  a r e  r e s o n a n t  a n d  t h i s  i n c r e a s e s  t h e  a n t e n n a  o u t p u t  
v o l t a g e .  T h e  C o l l i n s  a n t e n n a  i s  s e l f - r e s o n a n t  a t  a  f r e q u e n c y  
c o n s i d e r a b l y  h i g h e r  t h a n  t h e  s i g n a l  f r e q u e n c y .  T h e  e x a c t  
r e s o n a n t  f r e q u e n c y  i s  d e t e r m i n e d  b y  t h e  i n p u t  i m p e d e n c e  o f  t h e  
m e a s u r i n g  d e v i c e  a n d  t h e  c a b l e  c a p a c i t a n c e .  The  U o f  M a n t e n n a  
w a s  t u n e d  t o  b e  r e s o n a n t  a t  t h e  s i g n a l  f r e q u e n c y .  

T h e  e x p e c t e d  n o i s e  u s e d  w a s  t a k e n  a s  t h e  "minimum" n o i s e  
e x p e r i e n c e d  i n  p r  i o r  n o i s e  tests  ( W e s t i n g h o u s e  F i n a l  R e p o r t )  , 
w h i c h  w e r e  u s e d  b y  C o l l i n s  i n  t h e i r  r e c e i v e r  a n t e n n a  d e s i g n .  
T h e s e  n o i s e  v o l t a g e s  a r e  m e a s u r e d  b y  t h e  r e s o n a n t  a n t e n n a  c o i l s  
i n  t h e  s a m e  p r o p o r t i o n  a s  t h e  s i g n a l  v o l t a g e s .  T h e  c a l c u l a t e d  
s i g n a l  t o  n o i s e  r a t i o s ,  t h e r e f o r e ,  a r e  n o t  a f f e c t e d  b y  a n t e n n a  
r e s o n a n c e s .  

T h e  t o t a l  r e c e i v e d  n o i s e  w a s  much h i g h e r  o n  t h e  s e c o n d  d a y ,  
b u t  t h e  i n c r e a s e  was  l a r g e l y  d u e  t o  i m p u l s e  n o i s e .  The  n o i s e  
l e v e l s  shown i n  T a b l e  C - 1  w e r e  o b t a i n e d  f r o m  m e a s u r e m e n t s  o f  
c h a x t  r e c o r d i n g  o r  s t o r a g e  o s c i l l o s c o p e  i m a g e s  w h e r e  t h e  n o i s e  
p u l s e s  w e r e  i g n o r e d  a n d  t h e  c o n t i n u o u s  b a c k g r o u n d  n o i s e  w a s  
m e a s u r e d .  The  n o i s e  m e a s u r e m e n t s  f o r  t h e  s e c o n d  d a y ,  t h e r e f o r e ,  
c o r r e s p o n d  t o  t h e  e x p e c t e d  n o i s e  l e v e l s  a f t e r  c l i p p i n g  . 

C a l c u l a t e d  i n  t h i s  way ,  t h e  c a l c u l a t e d  SNR' s  f o r  t h e  
p r o c e s s e d  PN s i g n a l  a p p e a r  c o n s i s t e n t  w i t h  t h e  v i s u a l  a p p e a r a n c e  
o f  t h e  c o r r e s p o n d i n g  p r o c e s s e d  time a x i s  d i s p l a y s .  



TABLE C-1. RECEIVER INPUT SIGNAL AND NOISE CALCULATIONS 

I 1 : H Z i  ' E X ~  

An t c n n a  S i g n a l  
Day , ' I ' ca>; !_  C u r r e n t  lrA/M I V o l t a q e  - - - - -  

: t e d  Antc 

5 ~ 4 0  i sc 
Vol t a q e  
7- 

Mine I 
inimum" 

~ n a  M e a s u r e d  C o l l i n s  A n t e n n a  M e a s u r e d  U o f  M A n t e n n a  

I n p u t  4 ~ i g n a l  6 ~ o i s e  I n p u t  ' S i g n a l  6 ~ o i s e  I n p u t  
S/N -Val t a g e  V o L t a g e  S / N  V o l t a g e  V o l t a g e  S/N - 

I- 

I I L ' -1-1,- 
~ i s e  - AC P o w e r  f o r  R e c e i v e r s  T u r n e d  O f f  

M e a s u r e d  C o l l i n s  A n t e n n a  I M e a s u r e d  U o f  M A n t e n n a  

NAQ 2 
1. R e f .  A  Hz - [2rdl] x I A  = 2 0 0  M , Q = 0 . 4 0 9 ,  d  = 1 0 0  M ,  N = 1 

2 .  R e f . 6  V = L8n2 ;; 1 ~ ~  x  A x  F x N] x  H z  = .87*H, A  = 0 . 1 1 3  M 2 ,  f  = 1 9 5 0  Hz, N =  5 0 0  

3. khlS d u r i n g  1 / 1 0  s e c o n d  p u l s e  

4 .  RMS a v e r a g e d  o v e r  1 s e c o n d / p u l s e  

5 .  C a l c u l a t e d  f r o m  minimum m i n e  n o i s e  Hz = . a 7 4  $ , R e f .  6  

S?!R Y(51~;urd-I f ram 
O u t p u t  P r i n t -  
O u t s  ( I n c l u d e s  
I m p u l s e  N o i s e )  --. ----- --. -- ---- 

6 .  S t e a d y  n o i s e  c o m p o n e n t  o n l y ,  m e a s u r e d  i n  2 2  Hz f i l t e r  b a n d w i d t h .  Does  n o t  i n c l u d e  i m p u l s e  n o i s e .  
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