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FOREWORD 

T h i s  r e p o r t  was p r e p a r e d  by A r t h u r  D .  L i t t l e ,  I n c . ,  

Cambr idge ,  MA 02140 u n d e r  USBM C o n t r a c t  Number H0177098. 

T h i s  c o n t r a c t  was i n i t i a t e d  u n d e r  t h e  Coa l  Mine 

H e a l t h  and  S a f e t y  Program.  I t  was a d m i n i s t e r e d  u n d e r  

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

and  S a f e t y  C e n t e r  w i t h  M r .  H a r r y  Dobrosk i  a s  t h e  

T e c h n i c a l  P r o j e c t  O f f i c e r .  M r .  Doyne W .  T e e t s  was 

t h e  C o n t r a c t  A d m i n i s t r a t o r  f o r  t h e  Bureau  of  Mines .  

T h i s  r e p o r t  i s  a  summary o f  t h e  work r e c e n t l y  c o m p l e t e d  

a s  a  p a r t  of  t h i s  c o n t r a c t  d u r i n g  t h e  p e r i o d  O c t o b e r  1977 

t o  December 1980 .  T h i s  r e p o r t  was s u b m i t t e d  by t h e  a u t h o r s  

i n  December 1980 .  
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INTRODUCTION 

The objective of this program was to obtain a self-contained monitor 

data transmission system that uses existing mine wiring as the pri- 

mary means of data transmission, but which can also transmit directly 

through the earth. This objective was attained in a three-phase pro- 

gram: 

Phase I - Establish System Functional Requirements and Select 

Sensors 

Phase I1 - Detailed Engineering Design 

Phase 111 - System Fabrication and Performance Evaluation 

The resulting Through-the-Earth Monitor System (TEMS) has a total 

capacity of 1,000 addresses and is under control of a central unit 

at which commands are dispatched and responses received. The TEMS, 

as delivered, has a single remote unit with sensors for fire, 

methane, and air flow. 

Arthur D Little, Inc 



PHASE I - ESTABLISH SYSTEM FUNCTIONAL REQUIREMENTS AND SELECT SENSORS 

The primary design goal for the Through-the-Earth Monitor System 

was to provide a means to monitor from a surface station carbon mon- 

oxide, methane, and air flow at various places in a mine. Existing 

mine wiring, when available, was to be used for data transmission 

with direct signal transmission through the earth to be used other- 

wise. The wireline transmission scheme developed for the Visual Dis- 

play and Control System (VDCS), phase inversion modulation of a 

16 KHz carrier, was retained for the TEMS wireline mode. Other fea- 

tures of the VDCS were also retained, including the addressing and 

command formats and the data transmission protocol, so that both 

TEMS and VDCS remote units can be addressed by the TEMS control unit. 

Through-the-Earth communication is provided byan ELF data link. Un- 

like the VDCS remote units, the TEMS remote units are powered by 

a rechargeable battery which is kept charged by 115V ac or 270V dc 

mine power, when available. 

Remote Unit O~eratine Modes 

The following remote unit operating specifications were defined for 

the four combinations of wireline communication and mine power avail- 

ability. It should be pointed out that different monitor units in 

the system can be in different modes at any given time. 

Mode 1 

Wireline communication and mine power are both available to the re- 

mote unit. This is the normal mode of operation. TEMS remote monitor 

units are fully powered-up continuously. They can be interrogated 

at any time, either manually or automatically (see below) and will 

send back their instrument readings immediately. 

Arthur D Little, Inc. 



Mode 2 

Wireline communication is available, but mine power is out at a given 

unit. That unit goes into a low power mode where only the front end 

of the communication circuits is active. When that unit is inter- 

rogated, it signals the surface that it has been powered-down, after 

which it goes into a four minute sensor warm-up cycle. After five 

minutes, the surface control unit will automatically re-interrogate 

it. After transmitting its instrument readings, it returns to the 

low power state until the next interrogation. 

Mode 3 

Wireline communication has been lost, but mine power is on at the 

remote unit. Communication is provided by the ELF channel which may 

require, because of the relatively short communication range of the 

ELF channel, that the control console and ELF antennas be moved to 

a surface location directly above the remote unit. Except for a sig- 

nalling rate approximately twenty times slower, operation is the 

same as Mode 1. 

Mode 4 

Neither mine power nor wireline communication is available. ELF com- 

munication is used as in Mode 3, but the remote unit goes into a 

low power state between interrogations, as in Mode 2. 

System Ooeratinz Modes 

The TEM system was specificed to have three operating modes - Key- 

board, Automatic, and Test. In the Keyboard mode, remote units are 

interrogated by manually entering addresses and commands on the con- 

sole keyboard. Instrument readings are reported by NORYL/ERROR LEDs 

on the console and printed reports on the TTY. Monitored variables 

Arthur D Little, Inc. 



outside a preselected range trigger an audible alarm. Supervisory 

verification of communications link integrity is provided and indi- 

cated as in the VDCS (1). - In the Automatic mode, TEMS monitor units 

are interrogated automatically every five minutes according to a 

polling list in the controller memory. In both Keyboard and Automatic 

modes, CURRENT, OLD, and ERROR lists are maintained as in the VDCS. 

In addition, the TEMS maintains an ALARM list of all monitor units 

which have experienced alarm conditions. There is also a Test mode 

which permits various types of system diagnostics in the field. These 

modes are described in detail in the VDCSITEMS Technical Manual (2). - 

Sensor Evaluation and Selection 

After reviewing the state-of-the-art of carbon monoxide, methane, 

and air velocity sensors, J-Tec Associates, Inc. of Cedar Rapids, 

Iowa was selected on the following basis: 

Single source of supply for all three sensor types; 

Units are available and meet all performance requirements; 

Units operate at 12V dc and consume little power; and 

Units have been demonstrated in the field. 

The VM-101 methane sensor detects methane concentrations in the 0 to 

4% range and creates a 0 to 5V dc output directly proportional to 

methane concentration. The VA-216 air draft sensor converts air speed 

in the range of 50to 1,500 feetlminute to a 0 to 5V dc output signal. 

Both of these units were designed and have been certified to be in- 

trinsically safe. The CO-200 fire sensor detects carbon monoxide. Its 

output signal switches from a low (-0.5V) level to a high (-5~) level 

when the CO concentration exceeds 150 ppm. The CO-200 detector active 

element can become fouled, so a purge capability is provided. On 

receipt of a PURGE command the active element is heated slightly to 

drive off contaminants. During the 4%-minute purge cycle, a status 
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output is provided to warn users that the instrument readings are 

invalid. Detailed descriptions of these instruments are contained in 

the VDCS/TEMS Technical Manual (2). - 
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F i g u r e  1 shows  t h e  i n t e r c o n n e c t i o n  o f  t h e  c o m p o n e n t s  o f  t h i s  TEM s y s t e m .  

F i g u r e  2 i s  a  b l o c k  d i a g r a m  of  t h e  TEM s y s t e m  w h i c h  e v o l v e d  i n  r e -  

s p o n s e  t o  t h e  f u n c t i o n a l  r e q u i r e m e n t s  d e v e l o p e d  i n  P h a s e  I .  The  p r i -  

mary  d e s i g n  a c t i v i t i e s  i n  P h a s e  I1 r e l a t e d  t o  t h e  ELF c o m m u n i c a t i o n  

l i n k ,  t h e  ELF l i n k  i n t e r f a c e  t o  t h e  w i r e l i n e  l i n k ,  a n d  t h e  r e m o t e  

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

s p o n d i n g  d e s i g n  i n  t h e  V i s u a l  D i s p l a y  a n d  C o n t r o l  S y s t e m  (vDCS) ( 1 ) .  - 

ELF C o m m u n i c a t i o n  L i n k  

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

d e t a i l  i n  t h e  TEMS P h a s e  11 p r o g r e s s  r e p o r t  ( 3 )  - a n d  i s  s u m m a r i z e d  

h e r e .  The  S i n h a  a n d  B h a t t a c h a r y a  p r o p a g a t i o n  mode l  ( 4 )  - was  u s e d ,  

a s s u m i n g  a  homogeneous  c o n d u c t i n g  e a r t h .  T h i s  m o d e l  p e r m i t s  compu- 

t a t i o n  o f  t h e  m a g n e t i c  f i e l d  a t  t h e  e a r t h ' s  s u r f a c e  d u e  t o  a  v e r t i c a l  

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

t r a n s m i t t i n g  a n t e n n a  d e s i g n  was  c o n s t r a i n e d  by i n t r i n s i c  s a f e t y  r e -  
-3 

q u i r e m e n t s  w h i c h  l i m i t  t h e  a n t e n n a  e n e r g y  t o  1 0  j o u l e s .  T h i s  c o n -  

s t r a i n t  r e s t r i c t s  t h e  number  o f  a m p e r e - t u r n s  s o  t h e  a n t e n n a  a r e a  m u s t  

b e  made l a r g e  t o  a c h i e v e  r e a s o n a b l e  t r a n s m i t t e d  s i g n a l  l e v e l s .  

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

a t  e i t h e r  e n d .  T h i s  c a b l e  c a n  b e  c a r r i e d  a r o u n d  a  6 0  f o o t  c o a l  p i l l a r  

a n d ,  when t h e  c o n n e c t o r s  a r e  j o i n e d  a t  t h e  t r a n s c e i v e r ,  becomes  a  

l a r g e  a r e a  m u l t i - t u r n  c o i l .  

The r e c e i v i n g  a n t e n n a  i s  a  3 0 0  t u r n ,  1 2  i n c h  d i a m e t e r  c o i l  w h i c h  g i v e s  

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

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

r a t h e r  t h a n  r e c e i v e r  d e s i g n .  

Arthur D Little, Inc. 
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TEMS Block Diagram 
Figure  2 
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The ELF c a r r i e r  f r e q u e n c y  of  208  Hz was c h o s e n  f o l l o w i n g  a n  a n a l y s i s  

o f  measu red  a m b i e n t  n o i s e  d a t a  f rom s e v e r a l  m i n e s  wh ich  showed a  

b r o a d  minimum a t  180  and  240 Hz. The r e c e i v e r  b a n d w i d t h  was c h o s e n  

a s  1 2  Hz t o  accommodate  t h e  d e s i r e d  s i g n a l l i n g  r a t e  and  t h e  r e c e i v e r  

f i l t e r  was  d e s i g n e d  t o  g i v e  a t  l e a s t  50 dB r e j e c t i o n  a t  180  and  

240  Hz. P h a s e  i n v e r s i o n  m o d u l a t i o n  i s  u s e d  a s  i n  t h e  w i r e l i n e  communi- 

c a t i o n  l i n k .  The d e t e c t o r  i s  a  p h a s e - l o c k e d  l o o p ,  t h e  l o s s - o f - l o c k  

s i g n a l  i n d i c a t i n g  a  b i n a r y  z e r o .  

T r a n s c e i v e r  I n t e r f a c e  

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

t r o l  u n i t .  The w i r e l i n e  o r  ELF c h a n n e l  i s  s e l e c t e d  by a  s w i t c h  on  

t h e  c o n t r o l  c o n s o l e .  The UART a n d  i t s  v a r i o u s  b u f f e r s  and  c o n t r o l  

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

t h e  d a t a  p a t h s  b e i n g  changed  by t h e  s w i t c h .  The s w i t c h  a l s o  s e n d s  

a  s i g n a l ,  WIRE, t o  t h e  c o n t r o l l . e r  wh ich  s e t s  t h e  t i m e  o u t  p e r i o d  

f o r  t h e  s e l e c t e d  c h a n n e l .  F i g u r e  4 i l l u s t r a t e s  t h e  s i g n a l  t i m i n g  

on t h e  commun ica t i on  l i n k  f o r  t h e  w i r e l i n e  c h a n n e l .  S i g n a l s  and  

t i m i n g  on t h e  ULF c h a n n e l  a r e  i d e n t i c a l  e x c e p t  f o r  a  t w e n t y - f o l d  

r e d u c t i o n  i n  b i t  r a t e .  

The commun ica t i on  c y c l e  b e g i n s  when t h e  s y s t e m  c o n t r o l l e r  s e t s  up 

two d a t a  b y t e s ,  TRA a n d  TRB, i n  i t s  o u t p u t  p o r t s  C4 and  C8. T h e s e  

b y t e s  c o n t a i n  t h e  1 0  b i t  r e m o t e  u n i t  a d d r e s s  and  a  two b i t  command 

c o d e .  T r a n s m i s s i o n  i s  i n i t i a t e d  by t h e  s i g n a l  XMIT wh ich  c a u s e s  t h e  

t r a n s m i t t e r  t o  s e n d  a  s t r i n g  of  6 4  b i t s  a s  a  t r a i n i n g  s e q u e n c e  f o r  

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

t h e n  t r a n s m i t t e d  a n d  t h e  t r a n s c e i v e r  s w i t c h e s  t o  t h e  r e c e i v e  mode 

t o  a w a i t  a  r e p l y  f rom t h e  unde rg round  u n i t .  

When t h e  UART h a s  a s s e m b l e d  t h e  f i r s t  r e c e i v e d  d a t a  b y t e  i t  s e n d s  

a  DR ( D a t a  ~ e a d y )  s i g n a l  t o  t h e  c o n t r o l l e r .  The c o n t r o l l e r  i n t e r r u p t s  

w h a t e v e r  i t  i s  d o i n g ,  c o l l e c t s  t h e  d a t a  b y t e ,  a n d  i s s u e s  a  DRR ( D a t a  

Arthur D Little, Inc 
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Signa l  Timing and Communications Link 
Figure 4 



Ready R e s e t )  t o  t h e  t r a n s c e i v e r  t o  a cknowledge  r e c e i p t  o f  t h e  d a t a .  

A f t e r  a l l  s i x  d a t a  b y t e s ,  t h e  a d d r e s s ,  command c o d e ,  a n d  f o u r  b y t e s  

o f  m o n i t o r  d a t a  h a v e  been  r e c e i v e d ,  t h e  c o n t r o l l e r  c h e c k s  t h e  r e c e i v e d  

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

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

b i t s  i n d i c a t i n g  t h e  l o s s  o f  mine  power a n d  t h e  s t a t e  o f  t h e  C O  u n i t  

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

o f  c a r b o n  monox ide ,  m e t h a n e ,  a i r  f l o w ,  a n d  b a t t e r y  v o l t a g e .  

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

b u t  i s  c o m p l i c a t e d  by t h e  n e c e s s i t y  f o r  t h e  u n i t  t o  r e c o g n i z e  when 

i t  i s  b e i n g  a d d r e s s e d ,  e i t h e r  v i a  t h e  ELF o r  w i r e l i n e  c h a n n e l ,  and  

when t h a t  o c c u r s  t o  t u r n  on t h e  wake-up power t o  t h e  r e m a i n i n g  com- 

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

mine power i s  o f f  a t  t h a t  u n i t ,  t o  t u r n  on i n s t r u m e n t  power .  F i g u r e  5 

shows t h e  i n t e r f a c e  l o g i c .  A s e p a r a t e  UART m o n i t o r s  t h e  ELF r e c e i v e r  

o u t p u t  c o n t i n u o u s l y .  When i t  r e c o g n i z e s  t h e  ELF t r a i n i n g  s e q u e n c e  

a  s w i t c h  i s  o p e r a t e d  t o  c o n n e c t  t h e  d a t a  UART t o  t h e  ELF t r a n s c e i v e r .  

M o n i t o r  U n i t  

R e f e r r i n g  t o  F i g u r e  2 ,  t h e  m o n i t o r  u n i t  i s  s e e n  t o  c o n s i s t  o f  t h e  

t r a n s c e i v e r s  a n d  i n t e r f a c e  d e s c r i b e d  a b o v e ,  s e n s o r s  f o r  c a r b o n  monox ide ,  

m e t h a n e ,  a n d  a i r  f l o w ,  a n d  a  b a t t e r y l c h a r g e r  u n i t .  I n  no rma l  w i r e l i n e  

o p e r a t i o n  w i t h  mine  power o n ,  t h e  m o n i t o r  u n i t  r e p l i e s  w i t h  a  s e t  

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

a  POST command. The C O  s e n s o r ,  howeve r ,  h a s  a  s p e c i a l  p u r g e  s t a t e  

i n t o  wh ich  i t  c a n  be  p l a c e d  by a  PURGE command from t h e  s u r f a c e .  Whi l e  

i n  t h i s  s t a t e ,  wh ich  l a s t s  f o r  a b o u t  f o u r  m i n u t e s ,  t h e  s e m i c o n d u c t o r  C O  

s e n s o r  e l e m e n t  i s  h e a t e d  t o  d r i v e  o f f  i m p u r i t i e s  wh ich  may e f f e c t  

i t s  r e a d i n g s .  D u r i n g  t h e  p u r g e  s t a t e ,  CO r e a d i n g s  w i l l  be  i n c o r r e c t  

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

t o  d i s c a r d  r e a d i n g s  f rom u n i t s  i n t e r r o g a t e d  w h i l e  i n  t h e i r  p u r g e  c y c l e .  
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When mine power i s  o n ,  t h e  g e l  c e l l  b a t t e r y  i s  k e p t  c h a r g e d  by t h e  

c h a r g e r  c i r c u i t .  When mine power g o e s  o f f ,  t h e  r e m o t e  u n i t  i s  powered 

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

t i o n  a r e  o p e r a t i n g .  A MINE POWER OFF f l a g  i n  t h e  s e c o n d  echo  b y t e  

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

powered-down m o n i t o r  u n i t  r e c e i v e s  a  POST command, f u l l  power i s  

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

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

powered-up.  Under  t h e s e  c i r c u m s t a n c e s  t h e  c o n t r o l  c o n s o l e  i n d i c a t e s  

t h a t  t h e  u n i t  h a s  gone  i n t o  a  WARM-UP s t a t e .  A f t e r  f i v e  m i n u t e s  h a s  

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

wh ich  t i m e  t h e  c o r r e c t  s e n s o r  and  b a t t e r y  v o l t a g e  r e a d i n g s  a r e  s e n t  

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

r e v e r t s  t o  i t s  low power s t a t e .  

The m o n i t o r  u n i t  was  d e s i g n e d  t o  o p e r a t e  f o r  one  week w i t h  i n t e r -  

r o g a t i o n s  e v e r y  f o u r  h o u r s .  
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PHASE 111 - SYSTEM FABRICATION AND PERFORMANCE EVALUATION FABRICATION 

F a b r  i c a t  i o n  

F i g u r e  6 shows most  of t h e  TEM s y s t e m  componen t s .  A t  t h e  l e f t  i s  

t h e  m o n i t o r  u n i t  and  i t s  r e c e i v i n g  a n t e n n a .  The c o n t r o l  c o n s o l e  con-  

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

a r e  t h e  b a t t e r y  and  c h a r g e r  u n i t  and  one  of t h e  t h r e e  s e n s o r s .  Not 

shown a r e  t h e  r e c e i v i n g  a n t e n n a  f o r  t h e  c o n t r o l  u n i t ,  t h e  two t r a n s -  

m i t t i n g  a n t e n n a s  a n d  t h e  o t h e r  two s e n s o r s .  F i g u r e  7 i s  a  c l o s e u p  

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

t o  a  l a r g e  e x t e n t  t h o s e  f o u n d  on  t h e  VDCS c o n s o l e  and  d e s c r i b e d  i n  

t h e  VDCS f i n a l  r e p o r t  ( 1 ) .  - TEMS c o n t r o l s  and  d i s p l a y s  a r e  a l s o  de s -  

c r i b e d  i n  d e t a i l  i n  t h e  TEMS O p e r a t o r ' s  Manual ( 5 ) .  - D i s p l a y s  n o t  

f o u n d  i n  t h e  VDCS a r e :  

Mine power - O n / O f f ,  

B a t t e r y  v o l t a g e  - Adequate /Low,  

Carbon  monoxide  l e v e l  - S a f e / A l a r m ,  

Methane  l e v e l  - S a f e / A l a r m ,  

A i r  f l o w  - S a f e / A l a r m ,  

P u r g e ,  

Warm-up, 

M o n i t o r / L i s t ,  and  

Time of  day .  

The f i r s t  s e v e n  d i s p l a y s  l i s t e d  r e p o r t  o n  t h e  s t a t e  of t h e  r emo te  

u n i t  a s  d e s c r i b e d  a b o v e .  The LIST LED i n d i c a t e s  t h a t ,  i n  t h e  Auto- 

m a t i c  mode, t h e  STATION STATUS d i s p l a y  i s  c y c l i n g  t h r o u g h  i t e m s  on  

t h e  CURRENT, OLD, ERROR, o r  ALARM l i s t  a s  s p e c i f i e d  by t h e  s e t t i n g  

of  t h e  LIST SELECT s w i t c h .  The MONITOR LED i n d i c a t e s  t h a t ,  i n  t h e  

A u t o m a t i c  mode, t h e  STATION STATUS d i s p l a y  i s  c y c l i n g  t h r o u g h  t h e  

l i s t  of  a l l  m o n i t o r  u n i t s  wh ich  h a v e  b e e n  p o s t e d  s i n c e  t h e  l a s t  Sys-  

tem R e s e t  a n d  wh ich  a r e  n o t  on  t h e  ALARM l i s t  by v i r t u e  of  a  measu red  

v a l u e  of  b a t t e r y  v o l t a g e ,  CO l e v e l ,  CH4 l e v e l ,  o r  a i r  f l o w  b e i n g  o u t -  

s i d e  a  s p e c i f i e d  r a n g e .  LIST/MONITOR d i s p l a y  mode i s  s e l e c t e d  by 
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TEMS Console 
Figure 7 
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t h e  s w i t c h  of t h e  same name. The Time of Day C lock  i n d i c a t e s  24 h o u r  

t i m e  and  i s  s e t  by f a s t  a n d  s l o w  b u t t o n s  a t  t h e  r e a r  of t h e  c o n s o l e .  

When a n  a l a r m  c o n d i t i o n  i s  d e t e c t e d  a n  a u d i b l e  a l a r m  s o u n d s .  T h i s  

a l a r m  c a n  o n l y  be  t u r n e d  o f f  by t h e  ALARM RESET o r  SYSTEM RESET b u t -  

t o n s .  

P e r f o r m a n c e  E v a l u a t i o n  

The w i r e l i n e  r e c e i v e r s  w i l l  r e s p o n d  t o  s i g n a l s  a s  s m a l l  a s  1 8  m i l l i -  

v o l t s  which  p e r m i t s  o p e r a t i o n  w i t h  t r a n s m i s s i o n  l o s s e s  a s  h i g h  a s  

54 dB. The c o m p l e t e d  s y s t e m  was t e s t e d  i n  t h e  w i r e l i n e  mode f o r  p e r -  

f o rmance  i n  t h e  p r e s e n c e  of n o i s e  by i n j e c t i n g  w h i t e  n o i s e ,  band- 

l i m i t e d  t o  20 KHz, o n t o  t h e  w i r e l i n e  and  r e c o r d i n g  t h e  n o i s e  l e v e l  

a t  wh ich  e r r o r s  began  t o  o c c u r  i n  d a t a  r e c e p t i o n .  T h e s e  v a l u e s ,  no r -  

m a l i z e d  t o  t h e  r e c e i v e r  bandwid th  of 500 Hz, we re  a b o u t  5 m i l l i v o l t s  

f o r  t h e  s u r f a c e  and  unde rg round  r e c e i v e r s .  S i n c e  t h e  n o i s e  l e v e l  

i n  t h e  n o i s i e s t  mine i s  e x p e c t e d  t o  be  a s  h i g h  a s  35 m i l l i v o l t s  i n  

a  500 Hz b a n d ,  t h e  w i r e l i n e  r e c e i v e r s  would have  t o  be  o p e r a t e d  a t  

r e d u c e d  g a i n  i n  s u c h  a  m ine .  T h i s  i s  n o t  a  r e a l  p rob l em b e c a u s e  t h e  

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

g o a l s  b a s e d  on 40 dB w i r e l i n e  l o s s .  

Measured  p e r f o r m a n c e  of t h e  ELF r e c e i v e r s  i s  summar ized  i n  T a b l e  1 ,  

f rom which  i t  c a n  be  s e e n  t h a t  a  s i g n a l  s t r e n g t h  of  a t  l e a s t  28 mic ro -  

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

From t h e  P h a s e  I I  r e p o r t  on t h i s  c o n t r a c t ,  t h a t  s i g n a l  s t r e n g t h  i s  

p r e d i c t e d  t o  b e :  

V = 2 r f p  N A r  Q H Z  V o l t s  
o r 

whe re  f  = F r e q u e n c y  = 208 Hz 

N r  = No. of t u r n s  i n  r e c e i v i n g  a n t e n n a  = 300 

A = Area  of  r e c e i v i n g  a n t e n n a  = .07 s q .  m e t e r s  
r 

Q = 3.6 

H = V e r t i c a l  component  a t  s u r f a c e  due  t o  b u r i e d  d i p o l e  
Z 
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Surface Unit 

Receiver self-noise (input shorted) 

Minimum signal for operation 

Maximum signal for operation 

Receiver gain to BNC = 45 dB 

Dynamic range = 40 dB 

Mine Monitor Unit 

Receiver self-noise (input shorted) 

Minimum signal for operation 

Maximum signal for operation 

Receiver gain to BNC = 41 dB 

Dynamic range = 49 dB 

Table 1 

Measured at Referred 
Test BNC to Input 

Measured ELF Receiver Performance 

24 
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and H = 
z 

NT I A7 Ampereslmeter 
2 T  D~ 

where N7= No. of turns in transmitting antenna = 12 

I = Maximum value of transmitting antenna current permit- 
ted by intrinsic safety = 0.25 amperes 

AT= Area of transmitting antenna = 334 sq. meters 

D = Depth of mine monitor unit in meters 

G = Attenuation factor from propagation model, a function 
of frequency and overburden conductivity 

When the known system parameters are used in the above equations, 

the received signal strength is predicted to be: 

v = -  19*8G Volts 
D~ 

Table 2 shows the variation in predicted received signal strength 

as a function of mine unit depth and overburden conductivity. The 

table shows that to achieve 28 microvolts of signal the maximum opera- 

tional depths will be 87 and 78 meters with conductivities of 0.05 

and 0.5 Mhoslmeter, respectively. 

Current drain for the completed monitor unit was measured to be 0.011 

amperes in the quiescent state, or about 1.8 ampere-hours for a week. 

Posting the unit every four hours, including the warm-uplpurge cycle, 

consumes another 1.2 A-H for a total of 3.0 A-H for a weeks' opera- 

tion. Since the battery is rated at 6 A-H the performance exceeds 

the specification. 
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Depth  
( m e t e r s )  

T a b l e  2 

S i g n a  1  

G -- ( m i c r o v o l t s )  

P r e d i c t e d  Maximum O ~ e r a t i n e  D e ~ t h s  
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CONCLUSIONS 

The Through-the-Earth Monitor System has the capability of making 

remote measurements at many locations in a mine and transmitting 

data to the surface either over pager phone lines or directly through 

the earth. In their present form the wireline transceiver circuits 

have more than enough sensitivity to operate with the specified maxi- 

mum line transmission loss of 40 dB. In noisier mine environments 

they can be operated at reduced gain with little, if any, sacrifice 

in communication range. 

The present ELF transceiver design is predicted to permit communi- 

cation to depths of 87 meters through overburden of conductivity 

0.05 Mhos/m and to depths of 78 meters through overburden of conduc- 

tivity 0.5 Mhos/m. The performance is presently limited by a high 

value of receiver noise, a consequence of the choice of a low power 

active filter as the receiver tuning element. This performance could 

be improved at the cost of size or battery life by using a passive 

filter, lower-noise amplifiers, or both. 
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INVENTIONS 

There were no inventions made in conjunction with this contract. 
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