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FOREWORD 

This final r epo r t  was prepared by Westinghouse Georesearch  Laboratory,  
8401 Baseline Road, Boulder, Colorado 80303, under USBM Contract  
No. H0232049. The contract  was initiated under the Coal Mine Health 
and Safety Resea rch  P r o g r a m .  I t  was adminis tered under the 
technical  direction of the Pi t tsburgh Mining and Safety Resea rch  Center  
with M r .  H. E .  Parkinson acting a s  the technical  project  officer.  
M r .  G.  Honold was the contract  adminis t ra tor  for  the Bureau of Mines.  

This  r epo r t  i s  a s u m m a r y  of the work recently completed a s  pa r t  of 
this contract  during the period Apr i l  1973 to  July 1973. This  r e p o r t  
was submitted by the authors  on 20 Ju ly  1973. 

This  technical  r epo r t  has  been reviewed and approved. 



ABSTRACT 

A prototype EM Location System was fabricated and tes ted at  the 

Geneva Mine near  Dragerton,  Utah. This sys tem consisted of s ix  manpack 

t r ansmi t t e r s  and s ix  manpack rece ivers  covering the frequency band from 

900 Hz to  2900 Hz a s  well  a s  a s ix  channel rece iver  designed for use in a 

helicopter. Tes ts  showed that EM signals f rom lightweight (314 lb) t r ans -  

m i t t e r s  could be detected both on the surface and f rom a helicopter through 
- 2  

a s  much a s  1650 ft of relatively high conductivity (2 X 10 m h o s l m )  over- 

burden. Fur thermore ,  the result ing field s t rength profiles could be used 

to  determine source  location t o  within 150 ft of the actual  surveyed location 

in  the mine. 

Modifications were  made  to  a Monitoring, Locating and Communications 

System being tes ted a t  the Bruceton Mine, Pit tsburgh, Pennsylvania. These 

modifications have improved the performance and quality of the paging and 

voice telephony mode of the system. Subsurface rece iver  modifications have 

improved reception of voice downlink signals.  



PREFACE 

This final r epo r t  covers  the work performed for  the U. S .  Bureau 

of Mines on Contract  H0232049 between Apr i l  and Ju ly  1973. 

The r epo r t  i s  divided into th ree  pa r t s  and covers  in detai l  all 

work accomplished on Tasks  I ,  11, and 111 under the cont rac t .  

Task I involves the development and t e s t  of an  e lectromagnet ic  

location sys tem prototype. Based on design concepts developed previously 

on Contract  H0 22007 3, s ix  each single frequency manpack t r ansmi t t e r s  

and r ece ive r s  were  fabr icated,  along with one a i rbo rne  six-f requency 

detection r ece ive r .  Subsequently one of these units was demonstrated 

a t  the A r m c o  #9 coal mine n e a r  Charles ton,  West Virginia,  and all were  

field tes ted a t  the U. S. Steel  Corporat ion 's  Geneva Coal  Mine n e a r  

Drager ton,  Utah. P a r t  I of this r epo r t  desc r ibes  the sys t ems  fabricated 

and the resu l t s  of the field t e s t s .  Conclusions and recommendations a r e  

included with the repor t .  

Task  I1 involves modifications and additional t e s t s  on the Monitoring, 

Locating and Communications System which was initially developed on 

Contract  HO220073. P a r t  11 of this r epo r t  covers  the modifications made 

to  the sys tem and the resu l t s  obtained a f t e r  reinstall ing the equipment in 

the USBM Experimental  Mine n e a r  Bruc eton, Pennsylvania.  

Task  111 resul ted f rom a contract  modification to furnish the 

engineer s e rv i ces  and equipment neces sa ry  to  conduct a n  EM location 

sys t em demonstration at a West Virginia coal  mine for  the Bureau of 

Mines .  The demonstration was performed in conjunction with other mine 

emergency  operations equipment, including the Seismic Location System,  

the EM Communications equipment, and support  equipment normally  located 

a t  the Charles ton Staging Faci l i ty  in West Virginia for  emergency  use .  

P a r t  111 of this r epo r t  summar i zes  the EM location act ivi t ies  performed a t  

th is  demonstration.  



INTROD UC TION 

A prototype electromagnetic location system consisting of 6 miniature 

t ransmi t te rs ,  6 miniature rece ivers  and one multichannel receiver  was 

developed by Westinghouse Georesearch Laboratory and i s  described in this 

section of the report.  The equipment was designed to operate in a deep coal 

mine of relatively high overburden conductivity. One mine having these 

character is t ics  i s  the Geneva Coal Mine operated by U. S. Steel Company near  

Dragerton, Utah. Since Westinghouse personnel had previously conducted 

s imi lar  tes t s  a t  this mine (September 1971) and the pertinent parameters  such 

a s  overburden depth and ground conductivity were well known, it was decided 

to re turn  to this mine and conduct field performance tes ts  of the newly developed 

equipment. Because of significant overburden depth and high conductivity, it 

was felt that i f  the equipment performed satisfactorily at  the Geneva Mine it 

could also perform satisfactorily at  most  coal mines  in this country. 

The field tes ts  consisted basically of the detection of magnetic field 

intensities produced by the miniature EM manpaek t ransmi t te rs  deployed in the 

mine and the utilization of the measured  field strength patterns to  estimate the 

location of the t ransmit ters .  Both surface measurements  and airborne 

(helicopter) measurements  were conducted. Prediction of field strength at  a 

variety of frequencies and overburden depths were made prior  to the develop- 

ment  of the equipment to  insure that the t ransmi t te rs  would have sufficient 

transmitting moment to penetrate the deep, conductive overburdens and that 

the rece ivers  would have sufficient sensitivity and selectivity to  detect the 

fields produced on the surface a s  well a s  above the surface. Comparisons 

between predicted and measured field strengths a r e  given in this report  along 

with comparison of location determined by electromagnetic methods and 

conventional land surveying. Representative tape recordings were  made from 

each of the receiver  outputs and were photographed on playback in the laboratory. 



2. 0 PERFORMANCE PREDICTIONS 

In this section we discuss the basic concept of the EM Location System, 

the limitations on transmitted signals, and indicate the detectable depth of 

different system configurations in t e r m s  of the antenna moment,  conductivity, 

and the noise environment expected at  the Geneva Coal Mine test  site. 

2, 1 EM Location Concepts 

It has been demonstrated theoretically and experimentally that miners  

equipped with a radio t ransmit ter  and loop antenna which generates a vert ical  

magnetic dipole moment can be located by measuring the electromagnetic fields 

on the surface 111,  181. Directly above the source there is  a single null in the 

total  horizontal magnetic field and this null provides the location cr i te r ia ,  

Location accuracy depends on the depth of null which i s  a function of signal 

level and the background noise. Accuracy also depends on the axis orientation 

of the buried source and the slope of the t e r ra in  on the surface, a s  well a s  the 

presence of any structure in the a rea ,  

The system designer can select operating frequencies and transmit ter  

power, and detection schemes to optimize the signal-to-noise ratio at  the 

receiver  and thereby increase detection range and location accuracy. Source 

axis tilt i s  under the control of the t ransmit ter  operator. Terra in  slope 

corrections can be developed, and when applied, could reduce t e r ra in  produced 

location e r r o r s .  

Figure 2-1 shows the equivalent circuit of the full-wave transmit ter  

developed for location purposes. The symbols represent  the following : 

Eb = Battery voltage 

Rb 
= Internal resistance of battery 

R = Internal resistance of switch 
S 

R = Loss resistance in antenna circuit 
a 

L = Antennainductance 
a 

Ca = Antenna tuning capacitor 



Figure  2- 1. Equivalent Ci rcu i t  of Location Transmi t t e r  used a t  Geneva. 



Solid s ta te  devices  a r e  used for  the switches and these a r e  operated 

on a n  intermit tent  duty cycle using a continuous waveform generating c i rcu i t  

whose frequency i s  controlled by a stable osci l la tor .  When the loop antenna 

inductance i s  resonated to  the operating frequency, the c u r r e n t  waveform in 

the antenna c i rcu i t  i s  sinusoidal with a n  r m s  amplitude given by equation ( I ) ,  

( s e e  Reference [ 11). 

I - - 
r m s  R b + 2 R  + R  ' 

s a 

The antenna moment  i s  given by INA, where I i s  the r m s  cu r r en t ,  N 

the number  of tu rns ,  and A the a r e a  enclosed by the loop. Usually this 

moment  i s  expressed  in the international sys tem of units, i .  e .  , a m p e r e -  
2 

tu rn-meters  . 

Figure  2- 2 shows the maximum intr insical ly  safe antenna moment  

which can be achieved a s  a function of the length of # I0  wi re  used to  f o r m  a 

square  loop antenna.  

The coal  pi l lars  at the Geneva t e s t  mine in Utah were  found f r o m  

mine maps  to  be typically 500' (152.4 m)  in c i r cumfe rence  and usually 

shaped in the f o r m  of a paral logram 80 X 170 feet  with the acute  angle of 

approximately 45 deg rees .  The antenna moment  with this antenna configura- 
2 

tion var ied between 1800 and 2600 ampere- turn-meters  depending on whether 

#52 o r  a #9 AWG wi re  was used. These  antenna moment  es t imates  a r e  

based on measu remen t s  made nea r  the WGL laboratory using a s imi l a r  

antenna configuration laid out on the sur face .  In the mine the antenna 

moments  could be different because of the different l o s se s  in the surrounding 

coal .  Antenna cu r r en t s  were  not measu red  in the mine because permiss ib le  

cu r r en t  measuring equipment was not avai lable .  



Figure 2- 2. Maximum Intrinsically Safe Antenna Moment 
Achievable with a Given Length of Wire 
for  Resorated Square Loop Antenna. 

Wire Length, 1 ,  in feet  
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2 . 2  F i e l d s t r e n g t h p r e d i c t i o n s  andMeasu remen t s  

Given the antenna moment  and the conductivity of the overburden, 

i t  i s  possible to predict  the ver t ica l  electromagnetic field component, 
HZ ' 

over the transmitt ing dipole a s  a function of depth. F o r  a coaxially oriented 

rece iver  antenna, H i s  given by equation (2) .  (See Reference [ 2 ] ) .  
z 

where z i s  the depth and 1 G I i s  a n  attenuation factor  which i s  a function of 

the skin depth and va r i e s  with frequency and conductivity of the overburden. 

F igu re  2-3 shows how H va r i e s  with frequency and conductivity for  
Z 

a fixed antenna moment  and a depth of 500 m e t e r s  (1640 feet) .  An es t imate  

of the expected summer t ime  atmospheric  noise in a 6 Hz bandwidth i s  shown 

on the s ame  curve .  A comparison of the signal s t rength and the noise 

indicates that  at a depth of 500 m e t e r s  the optimum signal-to-noise r a t i o  

occurs  a t  lower frequencies a s  the ea r th  conductivity i nc reases .  

The effective conductivity of the ea r th  a t  460 m e t e r s  over  the Geneva 

Mine had been measured  ear l ie r ,  using a n  El t ran a r r a y  on the sur face ,  
- 2 

and found to be 2 .7  X 10 m h o s / m e t e r .  This was based on a two layer  

interpretation of the conductivity profile . Given this value of conductivity 

and the t ransmiss ion  frequency, the expected signal s t rength can be :rr 

calculated for  var ious  depths.  The r e su l t s ,  obtained by computer ,  a r e  

shown in F igu res  2-4 through 2-9 for  the s ix  different t r ansmi t t e r  f requencies  

-2 used a t  Geneva and assuming a constant conductivity of 2 .7  X 10 mhos / m e t e r  

for  all depths.  

A comparison of the measured  field s t rengths  and these predictions was 

made,  and in general ,  the measured  fields were  higher than expected. This  

indicates that e i ther  the in-mine antenna moment  was g r e a t e r  than measu red  





F i g u r e  2-4. Ve r t i c a l  EM F ie ld  Pred ic t ions  at Geneva f o r  9 2 2 . 5  Hz. 

INA 
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Figure 2-6,. Trertical EM Fie id  Predict ions at Geneva f o r  1700 Hz.  

INA 
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F i g u r e  2 -7 .  Ver t i ca l  EM F ie ld  Pred ic t ions  at Geneva f o r  1900 Hz. 

INA 
11 



Figure  2-8. Vei: t ica l  Ehd Fiel.1 Pred ic t ions  at Geneva for  2300 Hz.  



F i g u r e  2-9 .  Ver t i ca l  EM F i e l d  Pred ic t ions  at Geneva fo r  2500 Hz. 

INA 
1 3  



Figure  2-10. Vertical EM Fie ld  Pred ic t ions  at Geneva fo r  2900 Hz 

L 0 2 103 

INA 
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on the surface o r  that the ac tua l  conductivity was l e s s  than originally 

assumed.  The conductivity profile was la te r  reexamined and a three-  

layer  interpretation per formed to obtain effective conductivities a s  a 

function of depth. Measured and predicted values of field s t rength a r e  

given in Section 4. 2 using these revised conductivity es t imates .  

Predict ions of the ver t ica l  magnetic field, HZ, a s  a function 

of frequency for  a fixed antenna moment  can be obtained f rom F igures  2-4 

through 2-10. This was done for  the antenna moment expected for Geneva t e s t s  
2 

(INA 2000 ampere- turn-meters  ) and for a n  effective overburden 

conductivity of 2 . 7  X t o g L  mhos /  m e t e r .  Results a r e  shown in F igure  2-11 

with depth a s  the pa rame te r .  

Also F igure  2-11 shows the expected atmospheric  noise in a 

1 . 5  Hz bandwidth for  the spr ing,  s u m m e r ,  and winter seasons .  These 

noise curves  a r e  based on measured  values of the median levels of the 

ver t ical  magnetic noise fields f r o m  35 Hz to  3875 Hz. These measurements  

were  obtained by W G L  at Boulder, Colorado in the Spring of 1972 [ 3 ]  and 

extrapolated for  the s u m m e r  and winter seasons .  The s tandard deviation 

of the measured  data for  a one month period (March, 197 2) was 10 dB 

at 1000 Hz. This deviation accounts for  diurnal variations of the noise 

and for  day to  day variations during the month. The ra t io  of the r m s  t o  

average  value of the noise,  
vd' 

was a l so  measured  for  shor te r  per iods.  

V varied depending upon frequency and t ime of day, but was usually l e s s  
d 

than 2 dB when measured  in a 6 Hz bandwidth. Thus the atmospheric  noise 

envelope has a lmost  a Rayleigh distribution at  the frequencies and bandwidths 

used for the Geneva tes ts .  

By comparing the available signal fields with the expected noise 

fields in F igure  2 -11  i t  i s  apparent  that the maximum signal-to-noise 

ra t io  i s  quite broad and occurs  a t  decreasing frequency with increasing 

depth. A t  300 m e t e r s  the maximum signal-to-noise ra t io  i s  obtained around 



Figure  2-11. Signal and Atmospheric Noise Field 
Est imates for  Geneva Mine. 
(a = 2 .7X  mhos lme te r  

2 
INA = 2000 amp-turn-meters .) 

Frequency in Hertz 
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1000 Hz, and a t  500 m e t e r s  it  i s  obtained around 200 Hz. However, 

man-made noise ,  which contains spec t ra l  l ines a t  the harmonics  of 

60 Hz,  i nc reases  substantially a t  the lower frequencies and leads 

to  the selection of the higher operating f r e q u e ~ c i e s .  The 6 t r ansmi t t e r  

frequencies used for  the Geneva t e s t s  fell  between 900 Hz and 3000 Hz. 

Data obtained a t  Geneva tend to ver i fy  the noise model  shown 

s ince field s t rength measurements  a s  low a s  0 . 0 3  CIA/meter  were  

measurab le  a t  1900 H z .  

Fie ld  s t rength measurements  obtained for four different frequencies 

at a depth of 457 m e t e r s  (1500 feet) a r e  a l s o  shown on F igu re  2-11. The 

decreasing signal level a s  a function of f requency follows the predicted 

value, although the resu l t s  indicate that the initial conductivity interpreta t ion 

(2. 7 X mhos /me te r )  i s  high. 



Much of the developmei~t of the t r ansmi t t e r  used iiz the Geneva field 

t e s t s  was accomplished on BuMines Contract  H0220073 .  Out of this work 

evolved a transmitt ing sys tem prototype utilizing a full wave t r ans fo rmer l e s s  

switchi~lg amplifier  as shown in the schematic  of Figure  3-1. This t r ans -  

m i t t e r  i s  designed specifically to  get maximum switched AC, cu r ren t  f rom a 

low voltage DC source (4  volt cap lamp battery)into a low impedance s e r i e s  tuned 

loop antenna (heavy wire  wrapped around a mine  pi l lar) .  The output t r ans i s to r s  

used were  complementary MJ 4032  and MJ 4035  (Motorola P N P  and N P N  low 

saturat ion voltage devices).  Laboratory performance t e s t s  of this t r ansmi t t e r  

powered by a 4  volt m i n e r s  cap larnp bat tery to  dr ive a 0 . 4  i2 res i s t ive  load 

indicated an  equivalent switch res i s tance  of 0. 2  ohms pe r  t r ans i s to r .  

The t r ansmi t t e r  der ives  i t s  oscillation frequency f rom a tuning fork 

osci l la tor  and i t s  tone pulse repeti t ion r a t e  f rom an RC integrated ci rcui t  

oscj.llator, ,411 of the integrated c i rcu i t s  used in this  t r ansmi t t e r  a r e  com- 

plementary MOS (CMOS) and a. bank of 2N4400 /4402  t r ans i s to r s  i s  used to  

interface the CLIOS outputs to the power t r ans i s to r s .  A three  way manual  

power switch i s  provided s o  the operator  m a y  ei ther  key the t r ansmi t t e r  to 

send coded messages  to the surface o r  t u rn  i t  o n  and leave i t  run on a 4070 

duty cycle interrupted tone sequence. The Geneva t e s t s  were  performed using 

the iriter ruptecl tone sequence switch position with the t r ansmi t t e r  unattended. 

F igure  3 -2  i s  a photograph of the t ransmi t te r  chass i s  and leather  carrying 

case .  This transimitter was tested at the BuMines approval and Testing 

Laboratory in Pit tsburgh, Pennsyl.vania and has been rated permiss ib le  for  

use in gassy ~ n i n e s .  A complete l is t  of t r ansmi t t e r  specifications i s  shown 

in  Table 3-  2. 
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Spc%(.il'i<-;~ t ions  for West inghol~sc  M;jn/>;~c- k '1'1-;I n s ~ ~ i i t t  ( . I - ,  Moclc.1 C8/1 HA 
p- 

Ilow (tr Sour(-cb : 4 volt ~r i inc-r ' s  lanip 1 )a t t t . r~  f ~ i r - r l i s l ~ t ~ ( l  wit li c . ; ~ c - t ~  rlnit. 

'1'1-;I ris~ii itt c. I- F.111 1 W;jvt .  - Swit c-tling Moclch. Iri t  r-irlsic-;11 l y s ; ~  l'c. with 

'7'y I)<\ : slwc:ific.d ;~ntc:r~n;a. 

Ope. ra t ing 
E' rc~qlicnc-y : 

( 1  o f  the following): 022. 5 ,  982. 5,  1700, 1()00, 2500, o r  2()OO TT7,. 

Frcqucncy  
Accuracy:  A 2 Hz.  

Frequency  2 x F max.  
Stability : 

Signal  Output In te r rup tcd  c:ontinuous squa r e  wave into r e s i s t i ve  

F o r m a t  : load. 

Duty Cycle:  On 0. 2 seconds  A 10%) 
Off 2 ,  0 seconds  A 1070 

Tempera tu r e  0-  120" F 
Range : 

Exte rna l  Ba t te ry  and antenna connections.  
Connections : 

Minimum 
Output: 

8 a m p e r e s  peak- to-peak into 0. 4 ohm r e s i s t i ve  
load a t  70 F. 

Controls  : Single on-off switch. 

Operating Life : Approximately 30 hou r s ,  using flllly c:hargc:d 
ba t t e ry  a t  70"  F. 

T ransmi t t e r  L e s s  than 50 cubic inches  with sui table  belt  a t tach-  
Package : m e n t s ,  ba t t e ry  and antenna excluded. 

T ransmi t t e r  L e s s  than 2 lbs .  excluding ba t t e ry  and antcnna.  
Weight: 

Antenna 500 feet  of # 12 AWG insulated copper  wire .  0. 8 o h m s ,  

Furn i shed :  300 phenries a s  single tu rn  loop , and resona ted  
to operating f requency with sui table  capaci tor .  



3. 2 Receiver 

TWO different  types of r ece ive r s  were  developed on this contract :  

(1) a portable single channel rece iver  utilizing a n  a i r  core  loop antenna tuned 

to  one par t icular  frequency and (2 )  a multichannel rece iver  utilizing a broad- 

band loop antenna and preamp caxbina t icn  to  receive up to  s ix  frequencies 

simultaneously. Six of the portable r ece ive r s  were  fabr icated,  each  one 

tuned to  a different frequency while one multichannel rece iver  capable of 

receiving s ix  frequencies simultaneousl-y was built for  use  in  the helicopter 

s e a r c h  mode. Each of these r ece ive r s  was tes ted and evaluated a t  the Geneva 

Mine in June 1973. Technical  descr ipt ions  of each  rece iver  and resu l t s  of 

t he i r  field evaluation a r e  given in  the following sections. 

3. 2. 1 Westinghouse Manpack Locator Model C842A 

The Westinghouse Manpack Locator Model C842A i s  designed for  single 

frequency detection and source  location for an  underground t r ansmi t t e r  t r ans -  

mitt ing that par t icular  frequency. A schematic  d iagram of this r ece ive r  is 

shown in  Figure  3-3 and a photograph i s  shown in  F igure  3-4. The rece iver  

chas s i s  weighs about 2 lbs  and at taches  to  the operation belt. The received 

signal i s  detected on a. s e t  of headphones; source  locations a r e  determined by 

evaluating the sur face  magnetic. field pat tern of the t ransmit ted signal. When 

good signal to  noise ra t ios  a r e  presen t  the source  location can easi ly  be 

determined by the measu red  null in the total  horizontal  field. 

The rece iver  has s ix  independently tuned s tages  counting the loop antenna 

tuning. In addition t o  the para l le l  resonated loop, the rece iver  employs four 

RC bandpass ampl i f ie rs ,  each with a Q of 10 and one sharply tuned tuning 

fork f i l ter  with a Q of roughly 500. 







The tuned frequencies  of operation range f rom 922. 5 Hz to 2900 HZ, 

with 3 dB bandwidths ranging f r o m  2 Hz to  5 Hz. A typical  response curve 

obtained f rom one of these r ece ive r s  (2900 Hz) i s  shown in F igures  3-5a & b. 

With this rece iver ,  out of band interference * 300 Hz away f rom center  f r e -  

quency i s  attenuated approximately 70 dB. This rece iver  was originally 

specified a s  having a sensitivity of 0. 1 pA/meter ;  however, the Geneva t e s t s  

showed it capable of receiving signals a s  low a s  0. 03 pA/m. A complete 

l i s t  of specifications fo r  the manpack locator i s  given in Table 3-2. 

3. 2. 2 Westinghouse Multichannel Receiver  Model C849A 

A schematic  of the Multichannel Receiver  C849A which was used in the 

helicopter t e s t  i s  shown in F igure  3-6. An active loop antenna ci rcui t  with 

a step-up t r ans fo rmer  and a p reamp  gain of 20 dB  was used with this  rece iver  

a s  shown in the schematic  of F igure  3-7. This antenna p reamp  combination 

was designed to  pass  the signals in  the operating band f rom roughly 1 kHz to  

6 kHz with constant gain a s  shown in the response curve of F igure  3-8. The 

response i s  given a s  a t ransducer  t r ans fe r  function in t e r m s  of output voltage 

p e r  a m p e r l m e t e r  applied field strength.  Figure  3-9 shows a photograph of the 

multichannel rece iver  and i ts  associated loop antenna and built in preamp.  

Detailed specifications for  the rece iver  a r e  given in  Table 3-3. 

An 8-channel event r eco rde r  i s  included in a separa te  chass i s  t o  monitor  

the sequence of recorded impulses  f rom the rece iver  and thus de te rmine  which 

of the channels a r e  responding to  signals in a periodic fashion. Antilogarithmic 

amplif iers ,  a c  coupled to  the r eco rde r  inputs, a r e  used to ex t rac t  the signal 

impulses  f rom the background noise. A schematic  for  the r eco rde r  interface 

c i rcu i t s  i s  shown in  F igure  3- 10. 



TABLE 3-2 

Specifications f o r  Westinghouse Manpack Locator Model C842A 

Antenna : 

Antenna Q: 

Receiver  Gain: 
(max. ) 

Air  core  loop, 15-inch d iameter ,  500 tu rns  
#22 enameled copper wi re ,  with e lectrosta t ic  
shield. 

Approximately 30. 

Approximately 100 dB. 

Receiver  
Bandwidth: 3 Hz * 2 Hz. 

Frequency 
Accuracy: Within * 2 Hz of specified frequency. 

Frequency 
Stability: 2 x " F 

Normal Ful l  1 pA/meter  field provides approximately 1 volt 

Scale Sensitivity: into head phones. 

Minim urn 
Detectable 
Signal : 

Tempera ture  
Range : 

Power Source : 

Total Weight: 
(Antenna, rece iver  
and earphones)  

Receiver Case :  

Two 6-volt,  1 amp-hour rechargeable  ba t te r ies  
(nominal t ime between charges  - 20 hours.  ) 

Less  than 10 pounds. 

Approximately 5 X4 X 2 inches with suitable belt 
at tachments.  

::: This rece iver  has  exceeded this  specification I'n practice.  Successful m e a s u r e -  
ments  a s  low a s  . 03 pAmp/m were  obtained. 



TABLE 3-2 (contld.  ) 

Specifications for We stinghouse Manpack Locator Model C842A (Continued) 

Operator  
Controls : 

On-off switch and gain adjustment on r ece ive r ;  
antenna hand held and manually oriented for  optimum 
signal detectability and for  null location. 

Frequencies  : Each r ece ive r  i s  capable of receiving one of 
the s ix  following frequencies:  922. 5 ,  985. 5 ,  1700, 1900, 
2500, o r  2900 Hz. 



1000 2000 3000 

F r e q u e n c y ,  Hz 

F i g u r e  3-5a  F r e q u e n c y  R e s p o n s e  of Manpack  L o c a t o r  Mode l  C842A 





TABLE 3-3 

S ~ e c i f i c a t i o n s  fo r  Westinghouse Multichannel Rece iver  Model C849A 

Operating 922. 5, 982. 5, 1700, 1900, 2500, and 2900 Hz. 
Frequency (a l l  
of the following): 

Frequency 
Accuracy:  

Frequency 
Stability : 

Tempera tu r e  
Range : 

Minimum 
Detectable 
Signal: 

Bandwidth: 

Output : 

Pane 1 
Controls  : 

Pane 1 
Display: 

Package Size : 

Antenna Con- 
f iguration:  

Weight: 

* 2, 0 Hz. 

C rys t a l  Earphones  with jack se lectable  t o  any 
one o r  a l l  of the s i x  channels. 

Channel Selector ,  individual channel gain adjust ,  
on-off switch. 

Minia ture  Edgewide Me te r s  fo r  e ach  channel. 

L e s s  than 240 cu. inches.  

Ai r  Core  Loop (640 t u r n s )  with built-in wideband 
preampl i f i e r  a t  the end of a 35 ft. te ther ing cable. 

L e s s  than 20 lbs. with ba t t e r i e s ,  but excluding 
antenna. 
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4. 0 PERFORMANCE TESTING 

4. 1 Laboratory Tests  

Laboratory tes t s  included measuremcr ; :~  of f r e q l ~  *ncy accuracy and 

stability for both t r ansmi t t e r s  and receivers .  The expected weak signals 

in the field necessitated sys tems with -txtreillely narrow hndwidths  and high 

gain. In order  to maintain proper  frequency alignment of t ransmi t te rs  and 

rece ivers  over a wide range of environmental conditions, i t  was necessary  to  

obtain the utmost stability f rom both t ransnl i t ter  and receiver  circuits.  The 

resu l t s  of the frequency accuracy t e s t s  showed that 311 of the t r ansmi t t e r s  were  

within 1 Hz of their  specified frequency a t  room temperature and typically var ied 

l e s s  than 1 Hz away from this value over a temperature range of 0"  F to  120" F. 

The rece ivers  were  all within 2. 9 Hz of their  specified frequencies,  and were  

temperature stable to  within 1 Hz deviation over the tempera ture  range f rom 

0" to  120 " F. The resulting misalignment between t ransmi t te r  and receiver  

was  never grea ter  than 3 Hz and proved to be rrnre than ;*d~quate  for receiving 

the fields at the Geneva Mine. F o r  m o r e  stringent applications i t  may  be 

desirable  to include in the receiver  a variable t r immer  cc3ctrol t o  precisely align 

each receiver  before going in the field. 

Pre l iminary  performance measurements  m e  r e  x a d e  ia  a field adjacent 

to  the Georesearch Laboratory to  insure that the rece ivers  were  a l l  

operating satisfactorily and that the t ransmit ted signals co:~ld be detected a t  

leas t  1500 ft. away f rom the source  using a ~mor~?ent comparable to that anticipated 

fo r  the actual  mine  tests .  Each receiver  was caliSrat.ed f o r  total  gain in the 

full scale  position. The resul ts  of the receiver  calibrations a r e  given in 

Table 4-1. These receiver  gains were  used to reduce the field data from output 

volts to equivalent pAmps/m of field strength. 



TABLE 4 - 1  

Gain Calibration of Manpack Receivers  

Curren t  
Frequency (Hz) Ser. No. (Amps)  d 

H z ( P A I ~ )  v 
out 

Gain 
V/Amp/m 

1.3 X 10  
6 

1.3 X 10  
6 

7 . 1  X 10  
6 

3 .67  X 10  
6 

4 .5  X 10  
6 

4.5 X 10 
6 



4. 2 Field Tes t s  

The Geneva Coal Mine, operated by U. S. Steel  Corp. near  Drager ton,  

Utah was chosen for the t e s t  mine because of i t s  high conductivity and deep 

overburden. The combination of these two charac te r i s t ics  make this  mine 

an  ideal t e s t  bed for  determining per formance  limitations of the sys tem.  

4. 2. 1 Description of Field Site 

The Geneva Mine i s  located a t  the north edge of E m e r y  County, in 

eas t -cen t ra l  Utah, about eight mi l e s  southwest of Drager ton,  Utah. The mine  

i s  developed in the extensive Book Cliffs coal  field, in  which bituminous coal  

occurs  in the Mesaverde group of Upper Cretaceous Age. The Book Cliffs 

a r e  a prominent physiographic feature  in cen t ra l  and e a s t e r n  Utah, and extend 

into wes te rn  Colorado. In the local  a r e a  of this repor t ,  the cliffs fo rm a 

southwest-facing escarpment  with about 2000 feet  of topographic relief .  The 

rocks  a t  the base of the escarpment  a r e  Mancos shale,  an even-bedded mar ine  

shale which e rodes  f a s t e r  than the relatively m o r e  res i s tan t  rocks  of the 

overlying Me saverde group and the younger (Te r t i a ry )  rocks overlying the 

Mesaverde.  The coal  occurs  in the Blackhawk formation,  the basa l  unit of the 

Me saverde.  The Blackhawk i s  divided in this  locality into a basa l  m a r i n e  

sandstone,  and overlying mixed m a r i n e  and continental units which contain 

the coal  seams.  The continental sandstones in  the Blackhawk and the overlying 

P r i c e  River formation (upper p a r t  of Mesaverde group) a r e  discontinuous 

channel sands charac te r i s t ic  of fluviatile deposits  [4 ,  5 1. The ma jo r  coal s eams  

a r e  the Upper and Lower Sunnyside seams.  The unit being mined a t  the Geneva 

Mine i s  the Lower Sunnyside s e a m ,  which has  a thickness a t  th is  location of 

about 14 feet [ 61. 

The porta l  of the Geneva Mine i s  a t  an  elevation of 6400 feet  in Horse 

Canyon. The t e s t s  performed by the Westinghouse Georesea rch  Laboratory w e r e  

conducted within a n  a r e a  of about 5000 feet by 7000 feet ,  mos t ly  in s%-3-  T ~ ~ S - R I ~ E  



.I. 

(see Figure 4-l)".. The workings extend to the east  and southeast under a portion 

of the Book Cliffs known locally a s  Lila Point. The relatively flat portion of Lila 

Point has a surface elevation of 7500 feet. The mine workings slope downward to 

the north and eas t  a t  about 500 feet per  mi le ,  following the regional dip of the 

Blackhawk formation. The s tr ike of the beds is  about N2 1 " W ,  according to the 

U. S. Steel mine maps. The t e r ra in  i s  extremely rugged with sharp mountain 

peaks, shear  cliffs and deep canyons. A typical t e r ra in  profile i s  given in 

Figure 4-2 showing the unexaggerated elevation change with horizontal distance 

fo r  a straight line c ross  section proceeding 2 1 "  NE from the exhaust fan in 

Lila Canyon. The average slope of this profile i s  about 30 " . 
The overburden depth where this t e r ra in  profile intersects  the road i s  

about 1100 feet. In general the overburden depths for  the t ransmi t te r - rece iver  

locations used in the Geneva Mine tes ts  varied f rom 1100 ft. to  1650 ft. 

Extensive ground conductivity surveys were  run over this mine during 

the previous visit by Westinghouse personnel and were  not repeated during these 

tes ts  . The conductivity sounding used to obtain the initial average conductivity 
- 2  

estimate of 2. 7 X 10 mhos lm i s  shown in Figure 4-3. A layer interpretation 

was made on the conductivity sounding which shows the high conductivity 

ma te r i a l  to be near the surface with a much lower conductivity mater ia l  down 

at  the mine level. This i s  to  be expected since coal seams generally exhibit 

low conductivity. The effective horizontal layer interpretation indicates a 
- 1 

surface layer  about 7 me te r s  thick with a conductivity of 1. 1 X 10 mhos lm,  

an underlying layer approximately 150 m e t e r s  thick with a conductivity of 
- 2 

3 .  5 X 10 mhos /m and a basement layer having a conductivity of approximately 

7 X mhos/m. In t e r m s  of average overburden conductivity, for the shallow 
- 2 

overburdens of 1100 ft. , the average conductivity i s  about 2. 1 X 10 mhos /m 

and for the deeper overburden of 1650 f t . ,  the average conductivity i s  
- 2 

approximately 1. 7 X 10 mhoslm.  

* Transmit te rs  were installed at  locations (A1, A2, BiY B2, C1, Dl)  with 
antennas deployed around the coal pil lars shown in black on Figure 4- 1. 



Figure 4 -1. Map of Geneva Mine Transmitting Locations 
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4. 2. 2 Surface Tes t s  

The surface t e s t s  conducted a t  the Geneva Mine included: (1) magnetic 

field profile measu remen t s  using manpack locator with portable oscilloscope 

(Tektronix 21 I ) ,  (2)  magnetic tape recordings of manpack locator and mult i -  

channel rece iver  outputs for laboratory s ignal  analysis  and (3) EM location 

determinat ion by null technique and comparison with surveyed location. The 

t rapped mine r  location problem consis ts  of two phases :  (1) detection of a i r -  

borne and surface signals f rom the underground t r ansmi t t e r s ,  and (2)  analysis  

of the result ing field pat terns  to determine m o s t  likely location of source.  The 

resu l t s  of the Geneva Mine t e s t s  were  encouraging f r o m  the standpoint of detection 

range and capability; however the null locations were  not a s  accura te  a s  those 

obtained previously in shallower mines .  

Magnetic Field Prof i les  

F igures  4-4 and 4-5 show orthogonal field profiles of ver t ica l  and hori -  

zontal magnetic field s t rengths  measu red  about the es t imated horizontal  field 

null point for a 2500 Hz t r ansmi t t e r  installed a t  A-1. It i s  immediately apparent  

in these f igures  that the horizontal  f ield null i s  much  deeper  in the NW-SE line 

(Figure  4-4)  than it i s  in the NE-SW line (Figure  4-5). This i s  par t ly  attr ibuted 

to the fact that  the t ransmit t ing antennas were  deployed around la rge  quadr i la te ra l  

p i l l a r s  of dimensions roughly 70 feet  by 180 feet. The deeper  null in  the  horizontal  

field was observed f o r  that  profile (NW-SE) cutting a c r o s s  the sma l l e r  dimension 

of the rectangle.  The average  hil l  slope of this  loca t ionwas  22" in the NE/SW 

direction. The uncorrected null point a t  this location was about 200 feet down- 

hil l  f rom the t r u e  location. This was a l a rge r  offset than was experienced a t  the 

shallower and lower conductivity mines  previously visi ted in  the east .  P a r t  of 

this  can be attr ibuted to  the fact that conductivity anomalies have a much g r e a t e r  

influence on the EM field readings a t  Geneva than a t  the ea s t e rn  coal  mines  

because the propagation path in t e r m s  of skin depth i s  much g rea t e r .  F igure  

4-6 shows skin depth penetrations of f rom 5 to 8 a t  Geneva while m o s t  of the 
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e a s t e r n  mines  had equivalent overburden depths of l e s s  than 1 skin depth. 

F igures  4- 7 and 4-8 show the corresponding field profiles obtained at  

the s ame  location, except the 2500 Hz t r ansmi t t e r  was replaced by a 982. 5 Hz 

t r ansmi t t e r .  Again the deep null i s  observed in the NW/SE direct ion consistent 

with t ransect ing the short  dimension of the source antenna. The measu red  field 

s t rength a t  982. 5 Hz i s  4 to  5 dB  higher than a t  2500 Hz a s  expected. The location 

determined by the 982. 5 Hz t r ansmis s ion  was about 25 m e t e r s  c loser  to  the actual  

location than the 2500 Hz a s  slope correct ion theory indicates.  

F igures  4-9 and 4-10 show field profiles obtained a t  1900 Hz at  location 

B with an  overburden depth of 1500 ft (457 m e t e r s ) .  Calculated prof i les ,  shown 
1 

a s  dashed l ines on these f igures ,  compare  favorably with the m e a s u r e d  data  for 

the  horizontal  field (H ) in F igure  4-9,  and a r e  generally low by 5 to  8 d B  for  
P 

the other field components. Most of these d i sc repanc ies ,  however,  can be 

attr ibuted t o  the unsuitability of the continuous uniform hil l  slope model  for  the 

i r r egu la r  t e r r a i n  of the Geneva Mine. The data obtained for the horizontal  

field in the vicinity of the null point i s  contaminated by background noise s ince 

the signal levels were  relatively weak f o r  this overburden depth. These m e a s u r e -  

men t s  did show that the rece iver  was capable of detecting signals well  below 

the specified sensitivity of 0. 1 pA/m (-20 d B  re1 t o  1 pA/m).  

Extended field profiles out t o  a distance of 550 m e t e r s  in the southwest 

direct ion were  a l so  made  a t  B for  frequencies of 1900 Hz and 982. 5 Hz. (See 
1 

Figures  4-11 and 4-12). It i s  interesting to  note the  s imi la r i ty  of the shape of 

these  profiles and in par t icular  the ver t ica l  field (H ) nulls occurr ing for  
z 

both frequencies a t  a distance of 200 m e t e r s .  According to  Wait [ 7 1 ,  

a null in H i s  t o  be expected. In the limiting c a s e ,  under s ta t ic  field con- 
z 

dit ions,  th is  null should be quite pronounced and should occur a t  a horizontal  

dis tance of 1 . 4  mine depths away f rom the source  location. However, a t  p ro -  

gress ive ly  higher frequencies,  this null should become l e s s  pronounced and i t s  

distance f rom the source location a l so  dec reases .  Based on Wait 's  cu rves ,  for  the 

presen t  conditions the null should occur a t  a distance of 274 m e t e r s  for f = 

982. 5 Hz and 229 m e t e r s  for f = 1900 Hz. However h i s  curves  a l so  indicate that 















the nulls should be a lmos t  indistinguishable for these frequencies and over-  

burden conditions. This does not ag ree  with our observations in that the 

measu red  nulls were  ve ry  well  defined. Note a l so  that  in Figure  4-12 there  

i s  a secondary null in the horizontal  field a t  a location of 450 m e t e r s  f rom 

the source.  This coupled with a corresponding secondary peak in the ver t ica l  

field could resu l t  in determining a fa lse  location at  this point. Fu r the r  

investigations should be made  to  bet ter  define the field profile behavior 

a t  g r ea t e r  dis tances  f rom the source and under rough t e r r a i n  conditions. 

Location Accuracv 

The locations determined f rom magnet ic  field profiles a t  the Geneva 

Mine were  not a s  accura te  a s  those obtained e a r l i e r  a t  shallower and l e s s  

conductive ea s t e rn  coa l  mines .  P a r t  of the increased  offsets observed can be 

attr ibuted to  a genera l  i nc rease  in scale  brought on by a l a rge r  antenna dimension 

and a n  increased  overburden depth over any used in previous mine  tes t s .  Also, 

the increased conductivity of this mine overburden produced a situation 

where the field s t rength became much m o r e  sensit ive to local  conductivity 

anomalies than had been experienced a t  ea s t e rn  mines .  The resu l t -  

ing location accurac ies  determined f r o m  the Geneva Mine tes t s  a r e  shown in  

Table 4-2. F o r  signals that  were  eas i ly  detectable,  the locations were  accura te  

to  within t h ree  hundred feet. At locations C and D where the signals were  
1 1 

somewhat marginal ,  the locations were  difficult t o  determine because of poor 

signal to  noise ra t ios .  No location was obtained a t  C even though signals at  f r e -  
1 

quencies a s  high a s  1700 Hz could be detected there ,  At D an attempt was made  
1 

to  determine i ts  location even though the signal was marg ina l ;  this location proved 

to  be 700 feet off the surveyed point. Hill slope correct ions  were  not applied but 

would have brought the locations c loser  since a l l  of the offsets were  down hi l l  

f rom the surveyed points. Since the t ransmit t ing antennas were  wound around 

p i l la rs  of dimensions 70 ft. X 180 f t . ,  the location accurac ies  obtained were  

mos t ly  within 1 pil lar  length away f rom the actual t r ansmi t t e r  locations and a s  

such do provide useful information f rom a mine r e scue  standpoint. 



T A B L E  4 - 2  

L o c a t i o n  A c c u r a c y  

L 

Map D e  s i g n a t i o n  

A1 

*1 

A2 

B1 

B1 

B2 

H i l l  S lope  

2 2 "  

2 2 "  

F r e q u e n c y  

2500  H z  

982 .  5 H z  

922. 5 H z  

1900  H z  

982. 5 H z  

2900  H z  

1700  H z  

1900  H z  

- 
U n c o r r e c t e d  L o c a t i o n  

E r r o r  

200  f t .  

130  f t .  

350 f t .  

130  f t .  

130  f t .  

130  f t .  

No l o c a t i o n  

700  f t .  



Field Strength Comparisons 

Table 4 -3  shows the comparison between computed and measured  field 

strength for the surface fields measured  above the Geneva Mine. The average 

conductivities llsed in the computations a r e  based on the three layer conductivity 

interpretation described in Section 4. 1. These conductivities vary  from 
- 2  - 2  

1. 68 X 10 mhos /m to 2.  1 X 10 mhos /m depending on the total overburden 

depth. The resulting field strength computations were obtained using the 

following expression: 

H = 
INA ] G I  

Z 
2 -rr z 

3 

and the attenuation curve given in Figure 4-6. The maximum difference between 

measured  field strength and computed field strength occurred a t  location C 
1 

where the measured  value was 6.8 dB l e s s  than the computed value. 

As mentioned before,  local variations in conductivity can play an impor-  

tant par t  in distorting field patterns and lowering (or rais ing)  field strengths. 

It i s  likely that the conductivity a t  the C location was somewhat higher than the 
1 

value used in the computation. For  the most  par t  the agreement between p re -  

dicted and measured  field strengths i s  quite good, and i l lustrates  again the 

suitability of the theoretical model used in the computations. 

4. 2. 3 Helicopter Tests  

On two of the days of testing at the Geneva Mine a Bell J e t  Ranger 206B 

helicopter was leased to determine the performance character is t ics  of the 

multichannel receiver  in helicopter reconnaissance operations. Based on the 

resul t s  of previous tes ts  a t  the Robrna Mine iil January 1973 [ 8 ] ,  the antenna/ 

preamp package was lowered beneath the helicopter by about 3 5  feet to minimize 

the effect of electr ical  noise from the engines. The resul ts  of the helicopter 
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t e s t s  were  mostly qualitative but did show the utility of using a helicopter for 

quick scans over the mine  a r e a  to  determine the presence o r  absence of t r a n s -  

mitting signals in the mine  and their  approximate location. At the shallowest 

overburden location (A ) of 1150 ft. , the horizontal  detection range observed with 
1 

the multichannel receiver  a t  an altitude of 100 ft. was about 4000 ft. Detection 

of signals was a l so  made  at  overburden depths up to 1500 ft. but the horizontal  

detection range was limited to  about 1000 ft, for the deeper overburden locations. 

The signal was a l so  detectable above the A location a t  helicopter altitudes a s  
1 

high a s  700 ft. Photographs of the rece iver  output for these t e s t s  a r e  shown in 

Section 4. 2. 4. 

One problem a r e a  which soon became apparent in these tes t s  was the 

electrostat ic  potential difference developed between the antenna shield (lying on 

the ground but cabled to the rece iver  chass i s  in the helicopter) and the helicopter 

f rame.  This potential difference caused e lec t r ica l  shock to  the operator  a t  

t imes  when the helicopter was in the a i r  while the loop was on the ground. To 

remedy this problem the rece iver  chass i s  was f i rmly  grounded to the helicopter 

chass i s .  

4, 2.4 Signal and Noise Recordings 

Uplink signals were  recorded  at  the outputs of both the manpack locator 

and the multichannel rece ivers  a t  s eve ra l  receiving locations on magnetic tape 

using a Wollensak Model 4300 casset te  tape recorder .  These signals were  

l a t e r  played back onto a s torage oscilloscope and were  photographed a s  shown 

in  Figures  4-13 through 4-19. 

Figure 4-13 shows signals r ece ived  a t  the A location, 1150 ft. above 
1 

the 2500 Hz t ransmi t te r .  The signal to noise ra t io  i s  higher for the manpack 

locator  than i t  i s  for the multichannel rece iver ;  rough signal to noise es t imates  

obtained for the twc rece ivers  f rom these photographs a r e :  

Manpack Locator - 24 dB 

Multichannel Receiver - 14 dB 



.npack Locator 
Output 

s 0.57 vA/m 

Manpack Locator 
Output (Expanded) 

H r 0.57 yA/m 
Z 

Multichannel 
Receiver 

Output 

Figure 4-13. Received Surface Signals f rom 2500 Hz Transmitter ,  
1150 feet  Underground 



H = 0.305 p.A/m 
z 

Multichannel Receiver Output 

F igure  4-14 Received Surface Signal f rom 1900 Hz Transmi t te r ,  
1500 feet  Underground 



a )  Surface Location (A ) 
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at 1900 Hz 
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b) Mine Por ta l  

Figure 4-15 Received Signal on Multichannel Receiver 

61 



Figure 4- 16  Combined Surface Signals f rom 4 Underground 
Transmi t te rs  Measured a t  Location A with 
Multichannel Receiver 

1 



Transmit ter  Depth - 11.50 feet 

Transmit ter  Depth = 1150 feet 

Figure 4-17 Received Signals from Multichannel Receiver in 
Flight (f = 982. 5 Hz) 
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F i g u r e  4-19 Expanded Signal Pulses f rom Multichannel Rece iver  i n  ~ i i ~ h t  
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Signals of the above quality a r e  not difficult to detect  e i the r  audibly o r  

with a v i sua l  output such a s  a m e t e r  o r  a n  oscil loscope.  The received s ignal  

of the mul t ichannel  r e ce ive r  i s  shown in F igure  4-14 a t  location B 1500 it. 
I ' 

above the 1900 Hz t r an smi t t e r .  He re  the es t imated  s igna l  to  noise r a t i o  i s  

a l s o  about 14 dB. 

F igu re  4-15 shows the combined s ignals  f r o m  two t r an smi t t e r s  (1900 Hz 

and  2500 Hz) received on the mult ichannel  r e c e i v e r  both at  the su r f ace  locat ion,  

A and  a t  the mine  portal .  It i s  apparent  that  s igna l  t o  noise  r a t i o  i s  
1 

degraded  a t  the  m i n e  por ta l ;  however the  v e r y  f ac t  that  s ignals  a r e  even 

detectable  a t  the mine  po r t a l  i s  quite encouraging s ince  i n  th i s  c a se  the hor izonta l  

d i s tances  r ep r e sen t ed  a r e  5500 ft. and 7500 ft. f r o m  the 2500 Hz and 1900 Hz 

t r a n s m i t t e r s  respect ively .  In o rde r  t o  rece ive  the  s igna l s  a t  the mine  po r t a l ,  

c a r e  had t o  be  taken with the orientat ion of the rece iv ing  ioop t o  null out the 

m a j o r  s o u r c e s  of m i n e  in te r fe rence .  It i s  apparen t  that  s ignal  enhancement due 

t o  coupling i n  the  r a i l s  and o r  cables  leading out t o  the  mine  por ta l  i s  taking place .  

Otherwise ,  the s ignals  would have been complete ly  los t  in  the noise. The 

es t imated  s igna l  to  noise  r a t i o  f o r  these  conditions a r e  16. 5 dB  a t  the  su r f ace  

locat ion A and 6 dB  a t  the  mine  por ta l .  Being ab l e  t o  detect  these  s ignals  a t  
1 

the m i n e  po r t a l  could play a n  important  p a r t  in  p r e l i m i n a r y  mine  r e s c u e  

e f fo r t s  to  de te rmine  whether any t r a n s m i t t e r s  a r e  t r ansmi t t ing  and pos s ibly 

t o  a i d  in communications with t r apped  m i n e r s  throughout the mine.  Also,  the 

long propagation ranges  observed  fo r  these  t r a n s m i s s i o n s  would m a k e  th i s  

sy s t em concept ideally suited t o  a m i n e  paging appl ica t ion in  a n  operating mine.  

F igu re  4-16 shows composite s ignals  f r o m  4 underground t r a n s m i t t e r s  

m e a s u r e d  a t  location A with the mul t ichannel  r e c e i v e r .  In th is  f igure  it i s  
1 

appa ren t  that  the background noise  i n c r e a s e s  with the  number  of channels being 

added to  the composi te  output. The s ignals  w e r e  a l s o  m e a s u r e d  a t  th i s  locat ion 

using the ca l ib ra ted  manpack  loca to rs  and the equivalent  field s t reng ths  a r e  

shown on the f igure  fo r  the different t r ansmi t t ing  f requencies .  



Figures  4-17, 18 and 19  show received signals f rom the multichannel 

rece iver  output while i t  was being used in a simulated helicopter reconnaissance 

flight. In F igure  4-17, i t  i s  apparent that signal to  noise ra t ios  improve 

considerably when the helicopter i s  allowed to hover o r  fly slowly over the a rea .  

Some of the noise obtained i s  likely due to vibrations of the loop antenna, 

tethered 3 5 feet  below the helicopter,  interacting with the ear th1  s magnetic 

field. However, even at  speeds up to 20 mph, the signals were  distinctly 

audible and the periodic pulse repetition r a t e s  were  distinguishable. Also, the 

helicopter could increase  i t s  altitude to about 700 feet above the A location 
1 

before the signal became difficult to  detect. This represents  a total  t r ansmi t t e r  

to  rece iver  separation of 1850 feet a t  this location. F o r  these t e s t s ,  the heli- 

copter ' s  generator  was turned off a s  soon a s  i t  became a i rborne .  This was 

necessary  because the generator  interference was of an  intolerable level for  

detection of these extremely weak fields. 

F igures  4-18 and 4-19 show signals received f rom the helicopter in 

flight during the second day of helicopter tes t s  a f t e r  the t r ansmi t t e r s  had been 

relocated. Figure 4-18 shows the received signals a s  the helicopter flew past  

each of 4 different t r ansmi t t e r s  operating f rom depths f rom 1150 feet  to 1500 

feet. With the exception of an  occasional uncorrelated noise burs t  a s  shown 

in the photographs, the signals were c lear ly  distinguishable and would not 

have been difficult to detect  with the present  equipment in  an  actual  emergency. 

However, there  were  two locations where the signals were  not detectable by the 

helicopter in flight. These were  C and D representing overburden depths 
1 1 

of 1500 feet and 1650 feet respectively. These signals were  detectable ea r l i e r  

using the portable manpack locators  and helicopter rece iver  on the surface.  

However, different t ransmi t te r  frequencies were  being used a t  these locations 

a t  that t ime and i t  i s  not known whether they would have been detected on the 

helicopter rece iver  in flight since the helicopter was not available a t  the t ime.  

In general ,  it  can be stated that the lower frequency t r ansmi t t e r s  had the 

g rea t e r  probability of success  at  the Geneva Mine due t o  (1) their  increased 

signal propagation charac te r i s t ics  through the deep conductive overburdens,  and 

( 2 )  the vir tual  absence of man-made noise on the surface above the Geneva Mine. 



5 . 0  DIFFERENTIAL LOCATION RECEIVER 

One subtask per fo rmed  under  Task  I  on th is  con t rac t  was  to conduct  

a labora to ry  investigation of d i f ferent ia l  techniques fo r  improving s ignal  

detectabi l i ty  and null  r e  solution.  If the l abo ra to ry  t e s t  r e su l t s  w e r e  

favorable  then the concept  should be t es ted  in the f i e ld .  The following 

paragraphs  de sc r i be  the differential  concept ,  s y s t e m  design.  and t e s t  

r e s u l t s .  

5. 1 Sys tem Concept 

The di f ferent ia l  r e ce i ve r  concept  involves measu r ing  the g rad ien t  

of the hor izonta l  field over  the region of the null  of the absolute  f ie ld .  Th i s  i s  

accompl i shed  by  using two loops f o r  receiving an tennas .  These  loops a r e  

mounted in a coaxial  configuration separa ted  by a d i s tance ,  r? x ,  which i s  typically 

6 to  10 f ee t .  F o r  s m a l l  loops the spacing reduces  the mutua l  inductance s o  

tha t  they m a y  be  tuned with a single capac i to r .  Resonating the loops in th is  

m a n n e r  i n c r e a s e s  the r e c e i v e r ' s  noise f i gu re .  

When both loops a r e  conilected in s e r i e s  with the t u rn s  s e r i e s  a id ing,  

the r e c e i v e r  responds  to  a d i s tan t  sou rce  just a s  a single loop and can  

t he r e fo r e  be used t o  m e a s u r e  hor izonta l  (H ) o r  ve r t i c a l  (H ) components 
P z 

of the f ie lds  f r o m  that  s o u r c e .  

When the t e r m i n a l s  of one loop a r e  r e v e r s e d  and the two loops a r e  

connected in s e r i e s  bucking, then the s ignals  sensed  by e a c h  loop a r e  

sub t rac ted .  In th i s  configuration and with the loop plane s  perpendicular  

to  the plane of the t r ansmi t t ing  loop, then the profi le  observed over  a bur ied 

sou rce  i s  the gradient   AH^ . In the region of null  of a nea rby  s ignal  sou rce  
A x  

the g rad ien t  i s  a max imum.  Ex t e rna l  noise  f r o m  dis tance  s o u r c e s  i s  

min imized  by the subtract ion of the nea r l y  equal  f ields sensed  by each  loop. 

Two impor tan t  f a c to r s  t o  cons ider  when designing such  a s y s t e m  a r e :  

1) t o  make  the antennas  identical  in o r d e r  to i nc r ea se  noise  cancellat ion 

and 2) to  achieve a low r e c e i v e r  noise  f igure  t o  p e r m i t  detection of smal l  



signal g rad ien ts .  

5 .  2 System Implementation 

A breadboard of the differential  sensing sys tem was constructed 

and tested in the laboratory.  Two 15-inch air core  loops consisting of 

500 turns  of # Z Z  AWG wire  were  installed in a coaxial configuration. Each 

loop inductance was about 200 mil l ihenries  and the two loops in s e r i e s  

aiding o r  bucking were  resonated to 1900 Hz with a 0 .  015 p fd capac i tor .  

Bandwidth measurements  indicated an antenna sys tem Q of approximately 45.  

A schematic d iagram of this antenna sys t em and the rece iver  block d iagram 

a r e  shown in F igu re  1-1. The rece iver  bandwidth was  determined by a 

1900 Hz tuning fork .  Overal l  sys tem bandwidth was 4 Hz a t  the 3 dB points. 

A magnetic dipole source  was simulated in the laboratory using a 

s m a l l  f e r r i t e  co re  loop (approximately 1 inch in diameter)  excited with a 

1900 Hz signal genera tor .  Tes t s  were  conducted by moving this source  

perpendicular to  the planes of the rece iver  loops.  Prof i les  were  measu red  

fo r  the H component ( s e r i e s  aiding) and the field gradient ( s e r i e s  bucking). 
P 

Resul ts  a r e  shown in F igu re  1-2 which indicates that  the sys t em i s  capable 

of measur ing  the field gradient .  A 10 dB reduction in the noise was a l s o  

observed when the loops were  connected in s e r i e s  bucking. The amount 

of noise concellation was not a s  g rea t  as expected.  This was a t t r ibuted 

to  a n  imperfect  loop orientation and because nearby man-made noise sources  

were  not equally coupled to both loops. 

Subsequently a new antenna sys tem and rece iver  were  fabricated fo r  

field use .  Two identical f e r r i t e  co re  loops using 2000 turns  of #26  AWG 

wire  were  constructed and mounted in each end of a 6 foot long, 2 inch 

d iameter ,  plastic tube with a n  external  e lectrosta t ic  shield.  A bat tery 

operated rece iver  with low noise fron,t-end, gain control ,  and antenna 

tuning and revers ing  switch was designed and packaged in a portable c a s e .  







'l'he 3 dB bandwidth of this rece iver  was measu red  to be 3 Hz, and the 

maximum sensit ivity was l e s s  than 0. 1 p ~ l m e t e r .  Tes t s  were  conducted 

nea r  the laboratory using a 1900 Hz full-wave t r ansmi t t e r  and an  8 foot 

square  loop transmitt ing antenna consisting of 10 tu rns  of 61 6 AKG in a 

ver t ica l  configuration. The t ransmi t te r  antenna moment  achieved with 
2, 

this setup was 96 ampere- turn-meters  . This  produced a field s t rength 

of about 10 p A / m e t e r  a t  a distance of 100 m e t e r s .  Measurements  were  

made using t t c  d i f f f ~  rtlntial rece iver  with the antennas connected both 

aiding and bucking. It was apparent  that  the field gradient  signal peaked nea r  

the null.  As expected, the observed gradient  was considerably l e s s  than 

the H component observed with the antennas aiding and coaxially oriented with 
z 

the t ransmit t ing antenna.  It was not possible to  obtain a noticeable degree  

of noise reduction when measur ing  this field gradient  because the r ece ive r  was 

front-end noise l imited.  The front-end noise c i rcu i t ry  was revised and 

fi l tering added to  the output s tages  to  improve the noise f igure .  These  

revis ions  improved the rece iver  sensit ivity to  about 0 . 0 1  p ~ l r n e t e r .  Sub- 

sequent measu remen t s ,  however, indicated that  only the peaks of the 

a tmospheric  noise were  exceeding this reduced front-end noise level. 

The differential  sys tem was then taken to  the Geneva t e s t  s i t e  

where field tes t s  were  a l ready  in p rog res s .  At Geneva the differential  

r ece ive r  was  operated using the 1900 Hz t r ansmi t t e r  installed a t  Location 

A-1 in the mine at a depth of 1150 feet .  The ver t ica l  magnetic field 

s t rength was measu red  and found to be 0. 6 p A / m e t e r .  The differential  

r ece ive r s  performance was s imi l a r  to  the manpack r ece ive r  Is performance 

with the antennas connected in s e r i e s  aiding. The null location, however, 

was not well  defined and the field gradient was ,  therefore ,  not measurab le .  

Again, the a tmospher ic  noise a t  1900 Hz in the 3 Hz bandwith was 

below observable l imits of the r ece ive r .  No signal-to-noise improvement  

was obtainable because the field gradient was not g rea t  enough to m e a s u r e .  



Many of the potential advantages of the differential  concept 

could not be demonstrated a t  Geneva. I t  was apparent  that  a much 

g rea t e r  antenna spacing would be required to m e a s u r e  field gradients .  

' lahis would dec rease  the operational capabilities of the sys t em.  Also,  

a ma jo r  improvement  in the r ece ive r  noise figure requi res  fur ther  develop- 

men t  work and probably m o r e  sophistication in the r ece ive r  : s  front-end 

and in the antenna sys t em.  

F u r t h e r  t e s t s  should be made with the existing rece iver ,  but 

a t  shallower mines  and where external  noise levels  l imit  performance.  The 

basic  concept could then be evaluated and the decision made a t  that  t ime 

whether fur ther  development i s  warranted.  



CONCLUSIONS AND RECOMMENDATIONS 

The resu l t s  of the Geneva Mine experiments  show the feasibil i ty of 

detecting uplink signals,  both surface and a i rborne ,  f rom intrinsically safe 

manpack t r ansmi t t e r s  in a mine  with overburden depths up to  16.50 feet  and 
-2 

overburden conductivities a s  high a s  2. 1 X 10 mhos  / m .  Location information 

obtained f rom the magnet ic  field pat tern behavior was not a s  accura te  a s  

anticipated but did never theless  provide useful data on the genera l  location of 

the t r ansmi t t e r s .  F o r  the m o s t  par t ,  the locations determined by the e lec t ro-  

magnetic method were  within one o r  two mine p i l l a r s  (150-300 feet)  f rom the 

actual  transmitt ing location. Location discrepancies  occurr ing a t  this mine 

a r e  attr ibuted to  (1) t e r r a i n  i r regular i t i es  and (2) local  conductivity changes 

which strongly affect the field behavior when overburden conductivities and 

overburden thicknesses  a r e  high. 

Optimum operating frequencies for a mine  such a s  Geneva tend to  be 

lower than the optimum frequency fo r  shallower l e s s  conductive ea s t e rn  mines .  

Based on the resu l t s  of these t e s t s ,  and per formance  predictions given in 

Section 2, the optimum frequency range for  uplink signals a t  Geneva would 

probably fa l l  between 500 and 1000 Hz. 

The equipment developed for this  project  performed according to  

specifications in a l l  c a ses ,  and the manpack locator Model C842A 

exceeded specifications in  i t s  capability of receiving signals down to a s  low 

a s  0. 03 p.A/m. The multichannel rece iver  designed for  use  in the helicopter 

i s  a l so  suitable for  use  on the surface and provides the added flexibility of 

monitoring m o r e  than one frequency simultaneously. 111 marg ina l  signal 

si tuations,  a visual  indicator such a s  a meter  o r  an oscilloscope i s  required 

on the rece iver  to give added discrimination needed for a proper  null de te r -  

mination. It i s  recommended that on future manpack r ece ive r s ,  a meter ing  

device be added to  the rece iver  to  cover such situations, 



Also, in view of the ex t remely  low background noise observed at  

Geneva, it i s  recommended that m o r e  work be done on the rece iver  antenna 

and front end to lower i ts  f i r s t  c i rcui t  noise level  and thus be able to  take full 

advantage of extremely quiet e lectromagnet ic  conditions when they do occur.  

The horizontal  detection range of the signals t ransmi t ted  f rom the 

Geneva Mine var ied f rom about 1000 feet to  over 4000 feet depending on 

overburden depth. Fu r the rmore ,  detection ranges of 8500 feet  were  obtained 

with the rece iver  located near  the mine porta l  and the t r ansmi t t e r s  located 

throughout the mine.  This la t te r  phenomenon exis ts  because of the e lectro-  

magnet ic  coupling between the t r ansmi t t e r  and rece iver  via the mine r a i l s  and 

cables.  Computations of uplink field s t rengths  were  generally in good a g r e e -  

ment  with measu red  values ,  once again demonstrating the validity of the 

theoret ical  model  used in the computations. 

The feasibility of multichannel reception from a helicopter was established 

using the 6 channel rece iver  built for  that purpose.  The signals received in  

the helicopter were  sufficiently c lean a l s o  for obtaining char t  r eco rds ,  had a 

dc char t  r e c o r d e r  been available for  these t e s t s ,  

To  summar ize  the presen t  s y s t e m ' s  capability, we can say . tha t  in over-  
-2 

burden conductivities of 2 X 10 o r  l e s s ,  the sys tem has  a horizontal  detection 

range of a t  l eas t  4000 ft a t  a depth of 1000 ft and at  l eas t  2500 ft a t  a depth of 

1500 ft. Location accurac ies  a r e  generally within 1070 of the overburden depth. 

The t r ansmi t t e r  weighs 0. 75 pounds and will operate for a period of 72 hours  

on a fully charged 4 volt cap lamp bat tery driving a 500 ft long antenna of #12 wire ,  

It i s  recommended that  m o r e  t e s t s  be conducted in deep m e t a l  mines  

where intr insic  safety l imitations do not exist  to  determine whether increased  

overburden depths and higher conductivities can be compensated for  by increased  

t ransmit t ing moments  within prac t ica l  limitations in the mine .  Also many 

m e t a l  mines  do not have the conventional room and pi l lar  en t r ies  of m o s t  coal  

mines  and t e s t s  should be conducted to  determine the feasibility of using other 

antenna configurations such a s  long wire  antennas for location purposes  in these  

mines .  
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1.. 0 INTRODUCTION 

An engineering model of a Monitoring, Locating and Communication 

System was developed on USBM Contract  HO220073 and installed in the 

USBM experimental  mine a t  Bruceton, Pennsylvania to  demonstrate  the 

feasibil i ty of a sys tem concept. This  engineering model,  which consisted 

of t h ree  subsurface stations and one surface station,  included multiple 

function capabil i t ies and a var ie ty  of fea tures  f o r  evaluation. Not a l l  of 

the charac te r i s t ics  incorporated in the engineering model  would be 

neces sa ry  o r  even des i rab le  in a sys tem designed for  a working mine .  

Like m o s t  engineering models of developmental sys t ems ,  some 

problems became apparent  when the sys tem was installed and tested in the 

USBM Experimental  Mine a t  Bruceton. In o rde r  to sat isfy  USBM performance 

requi rements ,  some modifications in design concepts and hardware  imple- 

mentation were  deemed neces sa ry .  Task  I1 of Contract  HO 23 2049 provided 

for  the modification of the hardware,  reinstallat ion and t e s t  a t  Bruceton, 

and demonstration of sys tem operation to USBM personnel.  



2.. 0 SYSTEM MODIFICATIONS 

Subtask 1 of the contract  called for  specific sys tem rnodificatiolls 

and addit ions.  These were  determined t o  be neces sa ry  o r  des i rab le  a s  a 

r e su l t  of the t e s t s  performed during the tes t s  a t  Bruceton cr, the previous 

contract .  They a r e  l isted below: 

a) Fabr ica te  one (1) Tes t /Con t ro l  F ix ture  for  use with 
subsurface e lectronics  module s . 

b) Replace type CD4009AE and type CD4010AE integrated 
c i rcu i t s  with types CD4049AE and CD4050AE, respect ively.  

c) Insta l l  additional regulators  and f i l t e r s  in subsurface 
units to  eliminate feedback and noise on voice uplinks. 

d) Modify power distribution in subsurface t r ansmi t t e r s  
and eliminate res i s t ive  divider logic level sh i f te rs .  

e) Add t e s t  jacks,  t e s t  function switches,  and guide r a i l s  
in subsurface units to  facil i tate maintenznce.  

f )  Engrave and f i l l  nomenclature on panels of subsurface 
e lectronics  modules .  

g) Modify phone coupling c i rcu i t s  to incorporate coupling 
t r ans fo rmers  and balanced shielded line to  a l l  s ta t ions .  

h) Modify audible a l a r m  c i rcu i t s  to  pe rmi t  volume control  
of a l a r m  signals .  

i) Extend r a n g e o f S Q U E L C H c o n t r o l i n a l l v o i c e  r ece ive r s  

j) Incorporate preamplif iers  in surface f e r r i t e  antennas.  

k) Modify subsurface t r ansmi t t e r  antenna tuning unit to  
facil i tate tuning in the mine and to improve antenna match-  
ing a t  the voice uplink c a r r i e r  frequency. 

1) Incorporate s enso r  excitation silpply in th.e subsurface uni ts .  

m )  P e r f o r m  laboratory t e s t s  to  define the performance 
charac te r i s t ics  of the modified sys tem and del iver  a s e t  
of updated drawings.  



The above l isted modifications, together with others  deemed 

neces sa ry  a s  a r e su l t  of sys tem t e s t s ,  we re  incorporated in the sys tem 

and a r e  discussed in m o r e  detail  in the following paragraphs .  

2 . 1  Tes t /Cont ro l  F ix tu re  fo r  Subsurface Stations 

A Tes t /Cont ro l  F ix ture  was designed and fabricated to  

facil i tate testing and adjustment  of the e lectronics  modules f rom the 

subsurface stations.  This  f ixture permits  testing of the subsurface 

station c i rcu i t s  in the laboratory without removing the cabinet, bat tery,  

s enso r ,  antenna and associated cables f rom the mine .  I t  includes basical ly  

the s ame  bat tery,  speaker ,  indicator l ights,  switches,  and internal  

connectors normally  provided by the subsurface station cabinet.  In 

addition, it provides dummy antenna loads f o r  the subsurface t r ansmi t t e r ,  

t e s t  jacks for  signal inputs and outputs, and a simulated sensor  output 

voltage supplied f rom a 10-turn potentiometer.  

A separa te  dummy receiving antenna can be connected to the 

RECEIVER TEST input of the Tes t lCont ro l  F ix tu re  to  pe rmi t  test ing of 

the EM d i r ec t  audio voice downlink r ece ive r .  

Although no handset i s  provided on the Tes t /Cont ro l  F ix ture ,  

a MIC AMPLIFIER input jack, a n  EARPHONE AUDIO output jack, and 

phone line te rmina ls  permi t  test ing of the paging and voice telephony 

c i r cu i t s .  

2. 2 Subsurface Station Modifications 

The major i ty  of the modifications to the sys tem were  made on 

the subsurface stations.  Two modifications, which were  purely mechanical ,  

we re  made to  enhance the appearance of the units and to  facil i tate testing 

and maintenance.  They were  the engraving and filling of nomenclature 

on the panels and the incorporation of guide r a i l s  for  the e lectronics  

modules .  The guide ra i l s  made removal and inser t ion of the e lectronics  



modules  much e a s i e r  with l e s s  chance of damaging components on the 

c i r cu i t  boa rds .  

A th r ee  position T e s t  Switch was instal led between the DATA/ 

R E P L Y  shift  r eg i s t e r  and the DATA/REPLY Voltage Controlled Osci l la tor  

(VCO) to  facil i tate m e a s u r e m e n t  and adjustment  of VCO frequency.  In 

the MINUS position i t  couples a logic ZERO level  into the VCO which then 

genera tes  the lower shift  f requency.  In th is  position, T r i m m e r  R-3 can be 

adjusted t o  s e t  the lower shif t .  In the PLUS position i t  feeds  a logic ONE 

leve l  into the VCO, which then genera tes  the upper  shift  f requency.  In 

th is  position, R-2 can  be adjusted to  s e t  the  c o r r e c t  upper  shift  f requency.  

In the cen te r  o r  NORMAL position, i t  couples the shift  r e g i s t e r  output 

into the VCO, which then genera tes  a frequency shift-keyed (FSK) s ignal  

corresponding to  the se lected DATA o r  REPLY code.  

Al l  type CD4009AE and type CD4010 A E  integrated c i rcu i t s  

w e r e  replaced with types  C D 4 0 4 9 ~ E  and 4050AE,  respect ively .  According 

t o  the manufac ture r  (RCA) these  types a r e  m o r e  rugged and re l iable  than 

the  previously  used types  which had exhibited a high r a t e  of unexplained 

f a i l u r e s .  

The power dis t r ibut ion in the subsurface  t r a n s m i t t e r s  was  modified 

by the addition of f i l t e r s ,  t r a n s i s t o r  switches and voltage r egu l a to r s .  Twelve 

volts  DC f r o m  the ba t t e ry  was  supplied d i rec t ly  to  the t r a n s m i t t e r  output 

power t r a n s i s t o r s  and d r i v e r  t r a n s i s t o r s .  F i l t e r ed  1 2  volts  was  supplied 

to  the regulator  inputs through a lowpass f i l t e r  consis t ing of a 15 mil l ihenry 

inductor and a 2 2  pf capac i to r .  A Fa i rch i ld  type F-7808, t h r e e  t e rmina l  

regula tor  provided regulated 8 volts  fo r  the logic,  while two Fa i rch i ld  type 

F-7806, 6-volt r egu la to rs  supplied the DATA/ REPLY VCO and the F M  

VOICE VCO. A t r a n s i s t o r  switch in s e r i e s  with the input to  each  6-volt 

regula tor  turned the power on and off a s  requ i red  by the  t r ansmis s ion  mode 

se lec ted .  



A lowpass f i l ter  consist ing of a 1 0  Hy inductor and a 2 2  pf capaci tor  

were  installed on the inside of the cabinet door to  f i l ter  the bias voltage for  the 

handset carbon microphone.  The use of the regulated 8-volt logic supply 

permitted elimination of the res i s t ive  divider logic level shif ters  fo rmer ly  

used in the t r ansmi t t e r s .  

The phone coupling c i rcu i t  was redesigned to  incorporate  a coupling 

t r ans fo rmer  and a balanced line fo r  paging and voice telephony. DATAIREPLY 

and F M  VOICE c a r r i e r s  were  coupled onto the 2-wire phone line a s  a 

common mode voltage to  ground. This  approach great ly  reduces  interaction 

between the voice signals and the c a r r i e r  s ignals .  

A lowpass f i l t e r  was incorporated between the phone line coupler 

and the voice uplink VCO to  eliminate oscillations caused by feedback at the 

7 kHz voice c a r r i e r  frequency. 

The electromechanical  paging re lay  was replaced by a solid s ta te  

c i rcu i t  comprised of a full-wave rec t i f ie r ,  lowpass f i l t e r ,  threshold detector ,  

logic level  converter  and b i la te ra l  analog switch. This  c i rcu i t ,  which i s  

activated by a paging voltage of e i ther  polari ty in the range of 5-30 volts,  

act ivates  the loudspeaker amplif ier  for  paging and the 7 kHz F M  t r ansmi t t e r  

fo r  through-the -ear th  voice uplink. 

The single pole PRESS TO PAGE switch which previously connected 

one side of the phone line to  c i rcu i t  common (ground) was replaced with a 

double pole switch which simultaneously connects one side of the phone line 

to  c i rcu i t  common and the other side to  the plus 1 2  volt supply through a n  

isolation inductor.  

The audible a l a r m  c i rcu i t  was modified f r o m  the old configuration 

which employed the audio power amplif ier  a s  a feedback oscil lator to  the 

new configuration which employs a separa te  a l a r m  osci l la tor  (an N E  555 Timer)  

and permi ts  volume control  of the a l a r m  signals .  The f ron t  panel VOLUME 



control  now controls volume of both a l a r m  signals and EM voice downlink 

s ignals .  An internal  t r i m m e r  se t s  the volume of voice paging s ignals .  

A senso r  excitation c i rcu i t  was added which supplies a regulated 

8 volts to the Abirko "Flowmaster ' !  Ai r  Velocity Senso r s .  A fuse holder 

was installed in the side of the subsurface station cabinet near  the s enso r  

input connector.  The fuse was connected in the sensor  excitation c i rcu i t  

to  protect  the voltage regulator  if the sensor  chas s i s  should get  shorted 

to  the station ci rcui t  ground. (The plus side of the s enso r  supply i s  

connected to the s enso r  chass i s  and requi res  insulation f rom the station 

c i rcu i t  ground . ) 

The sensor  threshold c i rcu i t s  were  referenced to the plus 8-volt 

supply and the RISE/FALL switch rewired to  accommodate  the s enso r  output 

voltage which dec reases  (changes f rom plus 8 volts toward ground) a s  the 

air velocity into the s enso r  i nc reases .  

The 2qonductor  phone plug p r o v i d e d  on the Abirko anemometer  

fo r  a remote  m e t e r  was changed to  a 3-conductor to  provide senso r  

excitation input a s  well  a s  the output to  the subsurface station sensor  

input. A bypass capacitor was added in the anemometer  c i rcu i t  to  

prevent EM signals radiated by the subsurface station t r ansmi t t e r  f rom 

affecting the sensor  readings.  

The t ransmi t te r  antenna coupling and tuning c i rcu i t  we re  modified 

to  facil i tate tuning in the mine and to  improve antenna matching a t  the voice 

uplink c a r r i e r  frequency. The fouy-conductor cable between the station 

cabinet and the antenna tuning unit was replaced with a six-conductor cable.  

One of the added wi re s  was used to  connect a second tap  on the output 

t r ans fo rmer  to  the VOICE mode antenna tuning capaci tor .  The other was 

connected to  a remote  tuning indicator light mounted in the tuning box. 

The subsurface voice downlink rece iver  squelch c i rcu i t  was 

modified to  provide a wider range of squelch control .  A three-posit ion 



gain control  switch was added to  provide reductions of 20  and 40 dB in 

r ece ive r  gain for  use  in s t rong signal locations such a s  the Bruceton 

mine .  

A number 1 2  AWG conductor was added in paral le l  to  the printed 

c i rcu i t  ground s t r i p  on the r ece ive r  P C  ca rd  to  improve r ece ive r  s tab i l i ty  

and reduce the tendency to  osci l la te .  In addition, cer ta in  c e r a m i c  coupling 

and bypass capaci tors  which were  determined to  be microphonic,  were  

replaced with Mylar film capaci tors  . 

In addition to  the modifications l isted above, s eve ra l  components 

were  changed o r  replaced to  provide m o r e  stable o r  re l iable  operation.  

A s  a n  example,  some electrolytic coupling and f i l ter  capaci tors  were  

replaced with monolythic capaci tors  to  reduce effects of leakage c u r r e n t s .  

The DATA/REPLY VCO1s were  retuned to  provide a + 15 Hz 

frequency shift  about the i r  cen te r  f requencies  to allow a wider variation in  

environmental  t empera ture  before osci l la tor  frequency dr i f t  becomes  a 

problem.  

2 .3  Surface Station Modifications 

The receiving antenna configuration of the sur face  station was 

extensively modified to provide be t te r  overa l l  performance and g r e a t e r  

operational flexibility. Preampl i f ie r  units were  fabricated fo r  t h ree  f e r r i t e  

c o r e  receiving antennas.  The antennas were  mounted on the l ids  of the 

preamplif ier  boxes and covered by protective f ibreglass  domes s imi l a r  to 

the ones used to  house the downlink receiving antennas in the subsurface 

s ta t ions .  

The preamplif iers  incorporated a F E T  input c i rcu i t ,  a 1 kHz high- 

pas s  f i l t e r ,  a voltage ampl i f ie r ,  an  output emi t te r  follower, and a balanced 

line matching t r ans fo rmer .  A balanced RG- 22/U cable connected each  



prc.nmplific r  to a 1 ightning protection unit located nca 1- t.h t. i n p ~ l t  to 

the surface. rc.ct.ivcr. The s a m e  cab les  provided powcr Cor tht. prcX- 

a ~ n p l i f i c r s  f r o m  a s o u r c e  in the sur face  r e c e i v e r .  Thc prt\,znTps a r c  

cnpab l~ .  of dr iv ing cab les  of a t  l e a s t  4000 foot length.  

Thc lightning protection unit contains magnet ic  gap type 

su rge  a r r e s t o r s .  s e r i e s  b i f i lar  inductors and 50 wat t  z ene r  d iodes  to 

l imi t  voltage t r an s i en t s  appear ing  a t  the r e ce ive r  input t e rmina l s  . 

In addit ion,  fifty watt  z ene r  diodes a r e  used f r o m  each  l ine  to  ground 

in the p r e a m p  units t o  provide protection f o r  the p r e a m p  c i r c u i t s .  

The antenna coupler  module in the sur face  r ece ive r  was 

modified by the addit ion of t h r ee  balanced input t r a n s o f r m e r s  to m a t c h  

the p r eamp l i f i e r s .  The fou r th  channel (A-4) in  the antenna coupler  

was l e f t  unmodified to accommodate  high impedance loops o r  a s  a convenient  

input f o r  t e s t  s igna l s ,  e t c .  A fuse was instal led in the antenna coupler  

module and connected in the c i r cu i t  which supplies 1% volts  to  the p r e  - 
ampl i f i e r  s  . 

The  a l a r m  c i r c u i t  was  modified t o  p e r m i t  con t ro l  of the a l a r m  

s igna l  volume by the f ron t  panel  VOLUME cont ro l .  A 1 kHz tone b u r s t  

i s  de r ived  f r o m  the clock c i r cu i t r y  in each  decoder /d i sp lay  module and 

connected through a diode "ORt '  c i r cu i t  to the audio ampl i f i e r  c i r cu i t  in 

the  su r f ace  s ta t ion.  

A l l  type CD4009AE integrated c i r cu i t s  w e r e  replaced with 

type CD 4049AE to improve  re l iabi l i ty .  Th is  change necess i t a ted  a 

reduct ion in value of the biasing r e s i s t o r  in the 1 kHz clock osc i l l a to r  

t o  mainta in  the p rope r  f requency .  

T o  reduce the f a l s e  rep ly  probabil i ty,  a type CD4017AE, 

decoded decade counter  was  added to the output of e ach  rep ly  pa t t e rn  

decoder  and wired to  r e q u i r e  a to ta l  of 4 out  of a poss ible  6 input 



pulses before i t  activated the reply indicator.  The reply d r ive r  t ime 

constant was tai lored to be approximately 5 seconds.  These modifica- 

tions seemed to completely eliminate the problem of ambiguous rep l ies  

(2 o r  m o r e  showing simultaneously) that  was previously observed. 

The F M  voice uplink rece iver  squelch c i rcu i t  was modified to  

provide a wider range of squelch threshold control .  

The phone coupling c i rcu i t  was modified to  incorporate a coupling 

t r ans fo rmer  and balanced 2-wire phone line for  paging and voice telephony. 

A solid s ta te  paging ci rcui t ,  s imi l a r  to the one used in the subsurface 

stations,  replaced the e lectromechanical  paging re lay .  As  in the sub- 

surface s ta t ions ,  the single pole paging switch was replaced with a 

double pole unit which simultaneously connects c i rcu i t  common to one 

s ide of the phone line and t 1 2  volts to the other  s ide.  

Laboratory Tes t s  

After incorporation of the modifications descr ibed previously,  the 

sys tem was tested in the laboratory.  Gain, frequency response ,  and maximum 

signal capability of the surface f e r r i t e  antenna preapl i f ier  were  measu red .  

Capaci tors  and r e s i s t o r s  were  installed to s imulate  4000 feet  of cable 

between the preamp and the su r f ace  station and the resul tant  loss  measu red .  

Since the loss  was l e s s  than 1 dB, the preamplif iers  could probably be 

located up to 2 o r  3 mi les  f r o m  the sur face  station and s t i l l  provide sa t i s -  

factory operation.  

Operational t e s t s  of the modified anemometers  and senso r  input 

c i rcu i t s  were  conducted. These t e s t s  revealed need fo r  a bypass 

capacitor in the anemometer  to  eliminate the effects of EM signals 

radiated by the subsurface station t r ansmi t t e r .  

The new solid s ta te  paging c i rcu i t  which replaces  the e lectromechani-  

ca l  paging re lay was tested to verify that  it would operate  proper ly  with paging 



voltages of e i ther  polari ty ranging f rom 5 to  50 volts.  

The subsur face  station voice downlink r ece ive r s  were  functionally 

tested by inducing EM voice signals into the i r  receiving antennas.  The 

output of a tape r e c o r d e r  was connected to a smal l  f e r r i t e  loop antenna 

which acted a s  the EM signal sou rce .  The receiving antenna orientation 

was var ied,  together with the amount of coupling to the EM signal source  

to provide a wide range of signal amplitudes and signal-to-noise ra t ios  

fo r  testing operation of the rece iver  gain and squelch controls .  

The three  subsurface stations and the surface station were  s e t  

up at different locations within the laboratory building and interconnected 

with a 2-wire cable.  Functional t es t s  were  conducted to  verify proper  

operation of voice paging; voice telephony; F M  voice t ransmiss ion  and 

detection; rep ly  message  t ransmiss ion ,  detection and display; and 

data s enso r  s ta tus  t ransmiss ion ,  detection and display.  

No ac tua l  EM t ransmiss ion  tes t s  were  performed since the 

antennas remained in their  original  Bruceton installat ions ; however,  the 

t r ansmi t t e r s  were  tes ted using the dummy loads in the Tes t /Cont ro l  

f ixture .  



3 . 0  BRUCETON TESTS AND DEMONSTRATION 

Before reinstall ing subsurface station equipment in the mine at 

Bruceton, the subsurface stations were  se t  up at different buildings on 

the surface and connected to  the sur face  station in Building 07 by a common 

twisted pair  cable .  The distance between stations was approximately 

70 to  100 feet .  

Functional t e s t s  of the voice paging, voice telephony, Reply 

messages ,  and Sensor  s ta tus  monitoring were  performed by WGL and 

USBM personnel.  The Data/Reply VCO in Station 2 was found to  be 

unstable during these t e s t s .  The integrated circui t  (CD4007AE) was 

replaced and the oscil lator frequency observed. Stability appeared t o  be 

great ly  improved. 

3 . 1  Surface Receiving Antenna Deployment 

The three  surface f e r r i t e  core  receiving antennas and their  

associated preamplif iers  were  deployed a s  near ly  above the three  sub- 

surface stations a s  possible.  Roads, buildings, property line s ,  and a 

limited amount of RG-22/U Twinax available (2000 feet) determined the 

choice of locations. 

F igure  3-1 i s  a plan view showing the location of the subsurface 

stations,  the surface station, and the receiving antenna locations.  Antenna 

A-1 was located at the edge of the f i r e  break along the boundary fence 

nea r  the la rge  water  s torage tank (Structure 0-66) on the hill.  I t  

was approximately 540 feet  f rom the point direct ly  above Station No. 2. 

To  place the antenna c loser  to  the des i red  location would requi re  going 

outside the USBM property fence.  

Antenna A-2 was located near  the edge of the road just below 

Building No. 41. I t  was approximately 400 feet  f r o m  the point on the 

surface above Station No. 2 .  If additional Twina-x cable were  available, 





A-2 could be placed d i rec t ly  above Station No. 2 .  

Antenna A-3 was located approximately 100 feet  f r o m  the point 

above Station No. 20. Buildings and roads prevented any  c lose r  placement 

t o  the des i red  location. 

The lightning protection network was installed in the la rge  meta l  

J I G  box on the concrete  bulkhead outside Building 07.  It was ea r th  

grounded through a heavy copper w i re  to  a copperweld rod dr iven into 

the ground direct ly  below i t .  

Observation with a n  oscil loscope of the amplified signals f r o m  the 

th ree  preamplif iers  revealed that  A-1 was quite f r e e  f r o m  60 Hz syn- 

chronous noise,  A-2 had a high level of 60 Hz synchronous noise,  and 

A-3 had a moderate  level.  Antenna A- 2 was oriented to  minimize the line 

synchronous noise; however,  the level was s t i l l  objectionable. 



3 .  3 Ins ta l la t ion  and Checkout  of Subsurface  Sta t ions  

A l l  t h r e e  subsur face  s ta t ions  w e r e  re ins ta l l ed  at  t h e i r  o r ig ina l  

locat ions  ( s e e  F i g u r e  3-1) and connected t o  t h e i r  an tennas ,  c h a r g e r s .  

and phone l ine .  A i r  ve loci ty  s e n s o r s  w e r e  ins ta l led  at Sta t ions  # 1  and # 2 0 .  

No s e n s o r  w a s  ava i l ab le  f o r  Stat ion # ?  s o  it w a s  s e t  up to  give a NORMAL 

indicat ion with no  s e n s o r  connected.  

Dur ing the s y s t e m  checkout  s e v e r a l  p r o b l e m s  w e r e  encountered 

and r e p a i r e d .  The  m o s t  s e v e r e  p rob lem encountered w a s  c h a t t e r  of the 

antenna tuning r e l a y  when the t r a n s m i t t e r  w a s  p roper ly  tuned in the DATA/ 

R E P L Y  m o d e .  Th i s  w a s  d e t e r m i n e d  to  be caused  by E M  coupling f r o m  the 

t r a n s m i t t e r  antenna into the  phone l ine w h e r e  it w a s  rec t i f ied  by the 

s t e e r i n g  diode br idge  and  ac t ivated  the paging c i r c u i t .  Activat ion of the 

paging c i r c u i t  caused  the  t r a n s m i t t e r  t o  swi tch  t o  the VOICE mode  and the 

antenna r e l a y  t o  c l o s e .  As  soon a s  the  antenna r e l a y  t r a n s f e r r e d  t o  the 

voice  posi t ion,  the E M  feedback loop was  b roken ,  the unit switched back 

t o  the  DATAIREPLY mode  and the cycle  began aga in .  

The p rob lem w a s  solved by ins ta l la t ion  of a lowpass  f i l t e r  at 

the  input to  the s t e e r i n g  diodes f r o m  e a c h  s ide  of the  phone l ine  to  ground.  

No antenna c u r r e n t  indicat ion could be  obtained f o r  Stat ion #20 in 

the  VOICE uplink mode .  The p rob lem w a s  f inal ly t r a c e d  t o  a piece of d i r t  

lodged between the  a r m a t u r e  and the  coi l  of the antenna tuning r e l a y .  Remova l  

of the d i r t  cu red  the p rob lem and the  s ta t ion  opera ted  n o r m a l l y .  

Dur ing checkout of Stat ion # 2 ,  the D A T A I R E P L Y  VCO had t o  be 

re tuned because  i t  w a s  low in f requency  by about  10 Hz. F u r t h e r  moni tor ing 

indicated it was  still dr i f t ing  and behaving in a n  e r r a t i c  m a n n e r .  A f t e r  

demons t ra t ion  of s y s t e m  opera t ion,  it w a s  removed  f r o m  the mine  and 

r e t u r n e d  to  WGL in Boulder f o r  f u r t h e r  tes t ing  and r e p a i r .  

3 . 3  Demons t ra t ion  of S v s t e m  t o  USBM 

Af te r  completion of s y s t e m  checkout,  WGL p e r s o n n e l  demons t ra ted  



sys t em operation to M r .  Bob Bradburn of USBM, who had been designated 

by the T. P. 0. a s  his represen ta t ive .  

Voice paging, voice telephony, data s ta tus  monitoring,  and coded 

reply messages  were received a t  the sur face  station via phone line f rom 

each subsurface station.  The phone line was then disconnected and 2-way 

EM communications were  demonstrated.  M r .  Bradburn asked questions 

via the d i r ec t  audio voice downlink, and coded reply message  responses  

were  received f r o m  the subsurface s ta t ions .  

The F M  voice uplink was a l s o  demonstrated.  Voice quality and signal-  

to-noise ra t io  were  acceptable f rom Station No. 1 using Antenna A-1 (the c loses t  

one), which was about 540 feet  away. Signal-to-noise ra t io  was not 

adequate f rom Station No. 1 using the other two sur face  receiving antennas.  

F M  voice uplink signals f r o m  Station No. 2 were  ve ry  marg ina l  be- 

cause of the high level of 60 Hz synchronous noise a t  surface antenna 

location A - 2. 

F M  voice uplink f r o m  Station No. 20 was acceptable a f t e r  repa i r  

of the antenna tuning re lay  (previously discussed);  however the signal-to- 

noise ra t io  was not adequate for  high quality voice communication. 

After completing the demonstration a t  the surface station,  M r .  

Bradburn went into the mine for  demonstration of the subsurface s ta t ions .  

Three  -way paging and voice telephony were  conducted between the sur face  

station and two subsurface s ta t ions .  Again, two-way through-the-earth 

EM communications were  demonstrated with M r .  Bradburn operating the 

subsurface station.  



4 . 0  COTJC LUSIONS, RECOMMENDATIONS, AND FUTURE APPLICATIONS 

The  t ime  al lot ted fo r  the re ins ta l la t ion of the s y s t e m  and demon-  

s t r a t i on  t o  USBM did not p e r m i t  extensive  in-s i tu  tes t ing of the modified 

s y s t e m .  The conclusions p resen ted  he r e in  a r e  based ,  t he r e fo r e ,  on a 

l imi ted number  of exper iences  with the sy s t em,  r a t h e r  than s ta t i s t i ca l ly  

meaningful  f igure  s  and da t a .  

4 . 1  Conclusions 

The  modificat ions incorpora ted  in the s y s t e m  have improved the 

pe r fo rmance  and quality of the paging and voice telephony operat ional  

mode  of the s y s t e m .  The modificat ions to  the subsur face  voice r e c e i v e r s  

have reduced the objectionable noise  output and have improved recept ion 

of downlink voice s igna l s .  

The  addit ion of guide rails and t e s t  swi tches  have improved the  

mainta inabi l i ty  of the subsur face  s ta t ions .  The T e s t /  Cont ro l  F i x t u r e  

provides  a use fu l  tool f o r  se tup and tes t ing of the subsur face  s ta t ion 

e lec t ron ics  modules  outside the m i n e .  Addition of r egu l a to r s ,  f i l t e r s ,  

and t r a n s  i s t o r  swi tches  in  the subsur face  t r a n s m i t t e r s ,  together  with 

rep lacement  of the CD4009AE and CD4010AE integrated c i r cu i t s  should 

improve  the re l iabi l i ty  and pe r fo rmance  of the s y s t e m .  

Addition of the CD4017AE counter  in the Reply m e s s a g e  decoders  

should g rea t ly  reduce the probabil i ty of fa l se  o r  ambiguous r ep l i e s .  The 

c l a r i t y  of the rep ly  ce r ta in ly  just if ies the addit ional  de lay  (approximately  

5-10 seconds) before  the m e s s a g e  i s  d isplayed.  

The addition of p reampl i f i e r s  t o  the su r f ace  r e c r  iving an tennas  

p e r m i t s  be t t e r  se lect ion of a sui table  location f o r  t h e m .  The  l imi ta t ions  

imposed by sur face  developments such  a s  buildings, r o a d s ,  power l ines ,  

parking lo ts  and fences ,  together  with a l imi ted amount  of Twinax cable  

on hand,  did not  pe rmi t  sufficient  optimization of the signa-1-to-noise r a t i o  



for  good quality voice uplink s ignals .  Previous theoret ical  studies [ 1 ] 

have shown that  the l imitations imposed by permis  sibil i ty requirements  

and high surface noise environments would r e s t r i c t  the usefulness of such 

sys t ems  to  mines  with very  shallow overburdens a n d / o r  ve ry  low conductivic,. 

One sys t em problem present ly  remains  unresolved, the instabil i ty 

of the subsurface station DATA/REPLY VCO1s .  The presen t  VCO u s e s  

a type CD4007AE COS MOS integrated c i rcu i t  in a voltage controlled 

mult ivibrator  developed by RCA. With a regulated voltage source  and 

components selected to  minimize tempera ture  effects , the c i rcu i t  exhibits 

excellent sho r t  t e r m  stabil i ty and acceptable tempera ture  stabil i ty . The 

d r i f t  during warmup,  however, and unexplained frequency changes when the 

unit has  been turned off for  a period of t ime ,  make it unsuitable for  long 

t e r m  unattended operation.  WGL i s  present ly  investigating other c i rcu i t s  

suitable for  this application under a n  in-house funded r e s e a r c h  p rog ram.  

4.  2 Recommendations 

I t  i s  recommended that  USBM personnel exerc i se  the presen t  sys tem 

on a regular  bas i s  (say,  weekly) to  accumulate performance s ta t i s t i cs  

and a r eco rd  of operational cha rac t e r i s t i c s .  Per formance  of each of the 

var ious  operational modes should be tested and the r e su l t s  recorded .  

System maintenance should a l s o  be recorded in detail ,  s ince component 

fa i lures  o r  the need for  f requent  adjustments  would indicate the need 

for  a d e s i g n  change in future sys t ems .  

The use of a sys tem concept which employs independent, modular 

subsys tems  i s  recommended for  future sys t ems .  This  concept permi ts  

tai loring the sys tem to the requirements  of a par t icular  mine o r  installation, 

facil i tates maintenance,  and provides flexibility fo r  future expansion o r  

modification. 



4. 3 Future  Applications 

The overal l  objective of this task was to develop a quasi-hardened, 

fixed location, in-mine communications subcenter  fo r  use  in no rma l  mine  

operations and fo r  post  d i s a s t e r  rescue  operations.  Information f rom a l a rge  

number  of subcenters  was to be gathered together on a single display a t  

the cen t ra l  stat ion.  The ea r th  overburden i s  used a s  a 2-way communication 

medium, but the signal path can be changed to  use  existing mine phone l ines 

o r  to use both links simultaneously.  

This task has  now been completed including the design,  fabrication,  

installat ion,  and demonstrat ion of an  engineering model  of the sys t em using 

three  subcenters .  It i s  useful, in re t rospec t ,  to  re-evaluate the basic  sys t em 

concepts based on the resu l t s  achieved, to d i scuss  problem a r e a s ,  and to  

consider  potential applications in operating mines .  

1 .  The basic  concept of t ransmit t ing digital data and beacon 
codes through the ea r th  to a cen t ra l  collection point f rom 
multiple stations i s  ent i re ly  feasible ,  using different 
frequency allocations in the 3-5 kHz band. The signaling 
depth i s  l imited by conductivity of the ea r th ,  the noise 
environment,  and the antenna moment .  Theref o re ,  the optimum 
sys t em should utilize a t r ansmi t t e r  power amplif ier  and 
antenna sys tem designed to maximize antenna moment  and 
s t i l l  remain  intr insical ly  safe .  I t  m a y  be des i rab le  to 
increase  the number  of condition monitors  available per  
station.  This could be accomplished e i ther  by reducing the 
number  of beacon repl ies  o r  by increasing the code word 
length. 

2. The use of the two-wayvoice link via phone line i s  useful 
since i t  permi ts  a n  interface to  the sys tem f r o m  remote 
conventional mine pagers ,  provides a redundant link to  the 
sur face ,  and i s  a convenient means  to check out both the 
phone line and through-the-earth links f r o m  a single point 
on the sur face .  

3 .  The performance of the NBFM voice uplink through the 
ea r th  using 7 kHz c a r r i e r  was marg ina l .  This i s  at tr ibuted 
in par t  to  the bandwidth limitation of the antenna sys tem,  
but most ly  to  the high noise environment existent over the 
Bruceton mine .  Acceptable operation of this link through 
1000 feet  of overburden with conductivities of 10-2 mhos l rne te r ,  



using an intr insical ly  safe t ransmit t ing sys t em i s  
questionable unless the surface noise environment 
i s  ex t remely  low. The NBFM link can be used on the 
phone line and by using different c a r r i e r  frequencies 
provides additional 2-way voice communications on 
separa te  channels using a single phone l ine.  

4. The d i r ec t  audio voice downlink function i s  useful in 
emergenc ies ,  since subcenters  equipped with d i r ec t  
audio r ece ive r s  and beacon code t r ansmi t t e r s  
provide two-way links to  the sur face .  F o r  daily 
operations this link may be imprac t ica l  because the 
sur face  t r ansmi t t e r  requi res  deployment of a n  antenna 
over the des i red  coverage a r e a .  This  may  be imprac t ica l  
for  l a rge  mines ;  however l imited coverage can be 
provided over cer ta in  a r e a s  using mobile equipment 
deployed only for  a n  emergency .  Such a sys t em has  
added m e r i t  when individual mine r s  a r e  a l s o  equipped 
with manpack voice r ece ive r s .  

5 .  It i s  a l s o  possible to  incorporate  a ca l l -a le r t  fea ture  
in the sys t em whereby the phone line i s  used to  act ivate  
the subcenter  t r ansmi t t e r  and by selective address ing  
codes a l e r t  mine r s  equipped with portable r ece ive r s .  
This  function was not included in the presen t  sys t em 
but could be incorporated in future sys tems  to  enhance 
their  usefulness.  

Based on our experience with the presen t  sys tem and the above 

analysis ,  it i s  possible to  define second generation prototype equipment 

which could be fabricated and demonstrated in an  operating mine .  

The surface cen te r  would provide basic  functions and incorporate  

fea tures  a s  follows. 

2-way s implex voice commu.iiications via phone line to  
any one o r  a l l  subcenters  using d i r ec t  audio o r  on any 
one of s ix  separa te  channels using narrowband frequency 
modulation (NBFM) . 

e Selective calling via phone line and subcenter EM 
t ransmiss ions  to any one of 30 addressab le  ca l l -a le r t  
r ece ive r s  plus one common al l -cal l  a d d r e s s .  



(B Receiver  sys tem for  sensing and displaying the 
through-the-earth t ransmiss ions  f rom each sub- 
cen te r  for  automatic monitoring of in-mine 
condition sensor  and for  manually generated code 
responses .  

cs Handset for  no rma l  voice communications and 
loudspeaker for  paging and audible a l a r m .  

s Indicator lights to  display th ree  ( 3 )  levels of 
condition senso r  data f rom 3  senso r s  a t  each  subcenter .  

e Display lights to indicate reception of any one of 
th ree  beacon codes f r o m  each  subcenter .  

e A means  of indicating which of the s ix  (6) NBFM 
channels a r e  in use on the phone l ine.  

e A method of calling any one of 30 addressab le  
ca l l -a le r t  r ece ive r s  located within detectable 
range of a subcenter which automatically r e -  
t r ansmi t  such signals using a through-the-earth 
mode.  

e A means  for  generating a distinguishable a l l -ca l l  
signal which, when re t ransmi t ted  by all subcenters ,  
can be received by every  ca l l -a le r t  rece iver  within 
detection range of the subcenters  . 

Each in-mine subcenter  should be designed on the bas i s  of 

int r insic  safety and would provide: 

e 2-way voice communications via phone line to  any other 
station using d i rec t  audio o r  on any  one of s ix  channels 
using NBFM. 

9 Full-wave type t r ansmi t t e r  and loop antenna capable 
of t ransmit t ing 1) automatic condition data f rom a 
single s enso r ,  2) coded beacon responses ,  3 )  cal l -  
a l e r t  signals to portable r e c e i v e r s .  

9 A d i r ec t  audio voice rece iver  and antenna sys t em 
capable of receiving voice signals and ca l l  a l e r t  
signals which a r e  t ransmit ted through the e a r t h  f r o m  
the sur face .  



a Operation f rom a .f 2-volt bat tery which i s  continuously 
t r ickle-charged f rom the 440 volt AC power s led.  

s Automatic condition monitoring of 3 s enso r s  a t  approxi-  
mate ly  10  minute intervals  using three  adjustable sensor  
ranges to  indicate normal ,  caution, and a l a r m  conditions. 

a A means  to interface voice signals received on any 
voice channel to the 470 MHz t ransmiss ion  sys tem in the 
mine .  

o A full-wave c l a s s  S t r ansmi t t e r  and resonated loop 
antenna sys t em capable of re t ransmit t ing through- 
the -ear th  the ca l l -a le r t  signals received f r o m  the 
sur face  cen te r ,  the th ree  coded beacon responses  and 
the automatic condition monitor data.  

A means  of indicating which of the s ix  (6) NBFM 
channels a r e  in u se .  

A handset for  originating and receiving voice 
t ransmiss ions  via the phone l ine.  

a A d i r ec t  audio voice r ece ive r  and loudspeaker fo r  
receiving through-the-earth voice t ransmiss ions  . 

The portable ca l l -a le r t  r ece ive r s  would provide both visual  

and a u r a l  means  to indicate reception of a preselected a d d r e s s  code and 

be capable of distinguishing between no rma l  ca l l -a le r t  signals and a n  all- 

ca l l  signal.  

This prototype sys t em should be fabricated using solid s ta te  

c i r cu i t ry  whenever feasible and should utilize modular construction 

techniques s o  that  cer ta in  basic functions can be eas i ly  expanded o r  

omitted without affecting performance of remaining functions. Most 

of the basic  subsystems required for  this prototype sys tem have a l r eady  

been developed and dem.onstrated.  A r e a s  where fur ther  work i s  neces sa ry  

include: 



ar The design of a s table  frequency genera tor  fo r  FSK 
data t ransmiss ions  . 

e Development of a n  a d d r e s s  code for  the ca l l -a le r t  
sy s t em and the portable r e c e i v e r s .  

s Breadboarding and test ing the multichannel NBFM 
voice sys t em for  use on phone lirte and develop 
method indicating channel usage.  

a Developing methods which m a y  be e i ther  hardwire  
o r  rad io  for  relaying data f r o m  sur face  antenna 
locations to  cen t r a l  s ta t ion.  

a Interfacing voice signals between subcenter  voice 
channel and 470 MHz t ransmiss ion  sys t em in mine .  



5 . 0  REFERENCES 

[ $ I  "Monitoring, Locating and Communication Sys t em f o r  Normal  
. Mine Operating and for  Pos t -Disas te r  Rescue Operations,  l 1  

J .  W .  Allen and R .  F. Linfield. Submitted to  USBM on Contract  
H0220073, 1 Apr i l  1973.  



PART 111 

ARMCO #9 LOCATION SYSTEM DEMONSTRATION 

BY 
R. F. Linfield 

CONTENTS 

INTRODUCTION 

TEST CONDITIONS AND RESULTS OBTAINED 

CONCLUSIONS AND RECOMMENDATIONS 

P a g e  
1 



1 . 0  INTRODUCTION 

A t e s t  and demonstration of the EM location sys tem was conducted 

on June 2 and 3, 1973 for  the Bureau of Mines a t  the A r m c o  #9 coal mine 

n e a r  Bandytown, West Virginia.  This effort  was conducted a s  a supple- 

mental  ag reemen t  t o  the contract  to  cover  the cost  of equipment checkout 

and fo r  engineering se rv i ces  required a t  the mine .  

Two different types of t r ansmi t t e r s  were  furnished; 1) a portable 

half-wave t r ansmi t t e r  mounted in the top of a m i n e r ' s  cap-lamp ba t te ry  

and using a 90 ' loop antenna enclosed in a r e e l ,  and 2) a full-wave bel t  

type t r ansmi t t e r  using a ver t ica l  magnetic dipole (VMD) antenna consist ing 

of 500 f e e t  of #12 AWG w i r e .  Operating frequencies were  2900 Hz and 

2500 Hz. Spare  t r ansmi t t e r  units of each type were  furnished to  insure  

a successful  demonstration.  Three  manpack location r ece ive r s  were  a l s o  

supplied, along with one helmet  type r ece ive r  which could be used to 

demonstrate  the ca l l -a le r t  concept. 

A three-man t eam consisting of 1 engineer and two technicians 

departed f rom Boulder on June 1,  1973 to  check out the sys tem in the mine 

on Saturday, June and then to  demonstrate  i t s  performance to  approximately 

40 vis i tors  on Sunday, June 3.  

The t e s t  resu l t s  obtained were  only qualitative but a r e  presented 

h e r e  because the operational experience gain a t  th is  exe rc i se  could have 

useful implications a t  future r e a l  emergenc ies .  



2.0  TEST CONDITIONS AND RESULTS OBTAINED 

The Armco  #9 Mine i s  located nea r  Bandytown, West Virginia 

about one and a half hours  ' drive f r o m  Charles ton.  The mine porta l  i s  

on a ledge at about 1600 feet  elevation. Seismic and EM equipment vans 

were  located on this ledge nea r  the porta l .  A 15 coal  s e a m  (of which 7 '  

i s  mined) i s  exposed a t  the bottom of a 200' cliff cut  into the mountainside. 

Access  to the a r e a  over the mine could be gained via four-wheel dr ive 

vehicle o r  on foot. MTorking depth for  the demonstration exerc i se  was 

350' to 400 ' .  Distance f r o m  the porta l  to  the in-mine preselected 

location was approximately 1300 fee t .  The surface over the mine was covered 

with heavy vegetation ( t r ee s  and bushes) which, along with the s teep  s lopes ,  

made it extremely difficult to t r a v e r s e .  Since the p r imary  objective of 

this task was to demonstrate  the EM location sys t em capabili t ies,  no 

quantitative performance data was taken, nor  i s  the conductivity of the 

overburden known. T e s t  and demonstration r e su l t s  a r e ,  however, useful 

f r o m  a n  emergency  operations standpoint. 

The W G L  t eam a r r ived  on s i te  at 10:CiO a m  on Saturday. One 

2900 Hz full-wave t r ansmi t t e r  was operational within 10 minutes  a f t e r  

two men a r r ived  a t  the preselected in-mine location. This  installation 

t ime includes the deployment of the 500' of #1 2 wire  by two men.  This  

l o  o p  antenna was wrapped around three  pi l lars  of coal in a single t u rn  

rectangular  configuration approximately 50 by 200 feet .  The 2500 HZ half- 

wave t r ansmi t t e r  was s e t  up by one man  in l e s s  than five minutes ,  including 

the deployment of the 90 ' r e e l  antenna, into a c i r cu l a r  configuration within 

a n  en t ry  c ross -cu t .  This  separat ion between the cen te rs  of the two loop 

antennas was 50 feet ,  a s  scaled f rom the mine map .  

The antenna moments  of the full-wave t r ansmi t t e r  a t  2900 Hz 

was about 20 t imes  that of the half -wave sys tem,  at 2500 Hz. , i .  e .  , 
2 

1800 a s  compared to 90 ampere- turn-meters  . 



After installing the antennas and leaving the mine,  the location 

rece ivers  were operated outside and near  the portal ,  1400 feet  away 

f rom the t r ansmi t t e r s .  The full-wave t ransmi t te r  2900 Hz was 

immediately detectable and a null line determined immediately by 

rotating the rece iver  loop in the ver t ical  plane. The half-wave t r ans -  

mi t t e r  a t  2500 Hz was not detectable outside the portal  at the 1400 foot 

range.  

The location rece ivers  were  subsequently t ransported to the 

hilltop over the mine workings via a 4-wheel dr ive vehicle. TWO surface 

locations over each t r ansmi t t e r  were  then determined within about 

20 minutes,  beginning about 400 feet  away at the point where the vehicle 

was parked. It has  since been estimated that the surface location over 

the 2900 Hz t r ansmi t t e r  could have been determined beginning at the 

portal  and walking the null line (with deviations around the cliff) in 

approximately one hour.  Most of this t ime would be spent climbing the 

s teep  slope and making a path through the thick underbrush. 

It turned out that  the null location of the half-wave t r ansmi t t e r  with 

the sma l l e r  antenna was e a s i e r  to determine even though the signal ampli-  

tude was about 20 dB l e s s  than that obtained with the full-wave sys tem.  

This  i s  attr ibuted to the sma l l e r  antenna generating a dipole moment  

which appeared a s  a point source ,  of the dimensions of the full-wave t r ans -  

mitting antenna approached the mine depth and appeared a s  a much l a r g e r  

source .  

The three team members  independently located the half --wave 

t ransmi t te r ,  and these location points were all within five feet  of each 

other .  This location was paced off and was found to  be about 15 feet  

downslope f rom the surveyed location. This e r r o r  could be the r e su l t  

of a 30" slope of surface t e r r a i n .  



The null locations obtained on the full-wave t r ansmi t t e r  by team 

m e m b e r s  var ied a n  es t imated 20 feet  with points on a line along the long 

ax is  of the subsurface t ransmit t ing antenna.  The ave rage  location 

obtained was about 50'  away f r o m  the other  location and in the right 

direct ion.  

Upon leaving the sur face  a r e a ,  periodic s tops  were  made along 

the road to obtain a qualitative m e a s u r e  of detection range.  

The half-wave t r ansmi t t e r  (2500 Hz) was detectable a n  estimated 

1000' f rom the null location. The full-wave t r ansmi t t e r  was detectable 

up to about 3500 fee t .  

A helmet  rece iver  operating a t  2900 Hz was used to  demonstrate  

the ca l l -a le r t  concept whereby a location type t r ansmi t t e r  can be used 

to  a l e r t  m i n e r s .  Signal reception was obtained in the mine f r o m  the 

full-wave t r ansmi t t e r .  Outside the portal  the unit was inoperative.  The 

existence of other cables  and conductors in the en t ry  t r ave r sed  probably 

contributed to  the range achieved with this unit. 

During the ac tua l  demonstration on Sunday, June 3, one member  of 

the W G L  team was stationed inside the mine to  descr ibe  and demonstrate  

the t r ansmi t t e r  operation to  the groups of v i s i to rs .  Another team m e m b e r  

was stationed on the hil l  and remotely demonstrated the null location 

process  via a special  TV link to  the c o m m ~ n i c a t i o n s  van and TV monitors  

n e a r  the porta l .  The third  team m e m b e r  s e t  up s p a r e  t r ansmi t t e r s  and 

r ece ive r s  nea r  the porta l  s o  v i s i to rs  could s e e  the location equipment and 

hea r  the t ransmit ted s ignals .  

The EM location s y s t e m ' s  t r ansmi t t e r s  caused considerable 

interference with other EM sys t ems  being demonstrated and therefore  

could only be operated intermittently during the demonstrat ion.  



CONCLUSIONS AND RECOMMENDATIONS 

Although the objective of this  task was pr imar i ly  to  demonstrate  

the EM location sys tem capabili t ies to  the Bureau of Mines,  the experience 

gained on this exerc i se  could be applied to future emergency  operat ions .  

Since no quantitative data was obtained, only generalized conclusions can 

be given concerning the s y s t e m ' s  performance.  

The A r m c o  #9 mine i s  typical of many such mines  in West Virginia.  

At  such mines  the heavy vegetation and s teep  t e r r a i n  could se r ious ly  increase  

the t ime  required for  sur face  sea rches  of trapped m i n e r s ,  par t icular ly  in 

the l a r g e r  mines  where a considerable  a r e a  m u s t  be covered .  The use of 

a i rborne  r ece ive r s  in hel icopters  could reduce this  s e a r c h  t ime i f  adequate 

signals and detection capabil i t ies can be achieved and i f  weather i s  suitable 

fo r  flying. Accurate  surveying over this type of mine could be ex t remely  

difficult because of the t e r r a i n  and vegetation. Locations obtained in a r e a l  

emergency usually mus t  be re la ted to  the mine map,  using t ie points to  

de te rmine  dril l ing points fo r  l i fe  support  and r e scue .  This could be t ime 

consuming because of the scarc i ty  of the points f r o m  the mine workings to  

the sur face .  A s  m o r e  experience i s  gained with the EM location sys tem,  i ts  

accu racy  m a y  be refined using slope cor rec t ions .  The sys tem itself could 

then be used a s  a simple means  f o r  locating the points on the sur face  which 

could la te r  be used to  es tabl ish locations relative to  the mine m a p  during 

a n  emergency.  The sys tem a l s o  could be used to determine sur face  boundaries 

of mine workings.  

When the EM location sys tem i s  operated in conjunction with other 

EM communication sys t ems ,  the interference caused by one sys t em on the other 

m u s t  be considered.  The EM location t r ansmi t t e r  does in te r fe re  with d i r ec t  

audio voice reception in manpack r ece ive r s ,  although the 10% duty cycle allows 

reception between signal pulses .  A mine r  equipped with both a n  EM location 

t r ansmi t t e r  and a voice rece iver  could of course  communicate with the surface 

by shutting off his  t r ansmi t t e r  to  receive voice messages .  




