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ABSTRACT 

A new phone system was developed t h a t  p rov ides  e i g h t  f u l l  duplex 
corncnur~icdtions channels over a  s ing1 e  t w i  s t ed  sh ie l ded  phone 1  ine ,  w i t h  no 
c e r ~ t r a l  sw i t ch i ng  s t a t i o n  o r  l i n e  amp1 i f i e r s .  This system g r e a t l y  sirnpl i f i e s  
i n s t a l  1  a t i o n  and maintenance over t h a t  r equ i  r ed  w i t h  conven t iona l  sw i t ch i ng  
systems . 

The system i s  based on :nicroprocessor technology and d i g i t a l  frequency 
syn thes i s .  Frequency d i v i s i o n  m u l t i p l e x i n g  i s  used over a  bandwidth o f  
dpprox imate ly  300 kHz, and a baseband vo ice  channel (compat ib le  w i t h  conven- 
t i o n a l  pager phones) i s  prov ided as a backup t o  assure co~n~ l lun ica t ion  i f  t h e  
m u l t i p l e x  f e a t u r e s  f d i  1  . M u l t i p l e x  opera t ions  a r e  c o n t r o l  l e d  over a  30-kHz 
d i g i t a l  channel .  The systeln i s  designed t o  operate  w i t h  up t o  16 km (10 
v i  1  es)  of cab1 e  p l a n t  and a  maximuin phone separa t ion  o f  8 km ( 5  m i  1  es)  . 

The d i g i t a l  techniques pe rm i t  a  l i r n i t e d  amount o f  mon i t o r i ng  and c o n t r o l  
cdpab i l  i t y  t o  each phone. This c o n s i s t s  o f  two p a i r  o f  con tac t  i npu t s  o r  
ou tpu ts ,  t o  be used as des i red.  These " f l a g s "  may be read o r  c o n t r o l l e d  by a  
d i  spa tcher ' s  phone. 

INTRODUCTION 

Good co in~r~unicat ion i s  necessary f o r  e f f e c t i v e  mine ~nanagernent, w i t hou t  
which a  l ack  o f  c o o r d i n d t i o n  i n  t h e  movement of personnel ,  ore ,  and supp l i es  
w i l l  i n e v i t a b l y  r e s u l t  i n  p e r i o d i c  bo t t l enecks  t h a t  cause l o s t  p roduc t i on  
t ime.  A d d i t i o n a l l y ,  va luab le  t ime  may be l o s t  i n  o b t a i n i n g  he lp  f o r  an 
i n j u r e d  miner o r  i n  c o r r e c t i n g  an unsafe mine c o n d i t i o n  i f  a  good cornmunica- 
t i o n s  system i s  no t  present .  

Un fo r t una te l y ,  t h i s  has no t  always been an easy task.  The mine 
env i  ronment can be ext remely  harsh on e l e c t r o n i c  equipment. Envi ronmental 
s t r e s s  causes c o r r o s i o n  and phys ica l  abuse can cause c a t a s t r o p h i c  equi  prnent 
f a i l  ure. Consequently, many mines have found t h a t  any system more cornpl i c a t e d  
t han  a  s imple pager phone i s  unsu i t ab l e .  



Recent advances i n  techno1 ogy a r e  I-ernovi ng these  env i  ronrnental r e -  
s t r a i n t s .  La rge -scd le  i n t e g r a t e d  c i r c u i t s  a r e  now rep1 a c i n g  racks  o f  d i s c r e t e  
c i r c u i t r y ,  and t h e y  a r e  i n h e r e n t l y  cheaper and more re1 i a b l e .  Consequent ly,  
i t  i s  now p o s s i b l e  t o  i n t r o d u c e  more s o p h i s t i c a t e d  techno logy  i n t o  mines w h i l e  
i m p r o v i n g  r e l i a b i l i t y .  

T h i s  techno logy  has begun t o  f i n d  a p p l i c a t i o n  i n  mine te lephones  and 
s e v e r a l  ~ n u l t i c h a n n e l  phone systems have been developed. These systems i n c l u d e  
b o t h  mu1 t i w i  r e  and niul t i  p l  ex t ransmi  s s i o n  sc.hemes. Both  t ypes  have performed 
we1 1 and met some communications needs o f  mines. However, t h e r e  a r e  some 
drawbacks t o  p r e v i  o u s l y  devel  oped equ i  pment . 

M u l t i w i r e  phone systems by n a t u r e  r e q u i r e  a t  l e a s t  one w i r e  p a i r  pe r  
communication channel . T h i s  p r e s e n t s  no p a r t i c u l a r  t e c h n i c a l  d i f f i c u l t i e s ,  
b u t  o f t e n  rnines b a l k  a t  i n s t a l l i n g  any system r e q u i r i n g  a w i r i n g  p r a c t i c e  
unfami 1 i a r  t o  mine personnel .  Consequent ly,  mu1 t i w i  r e  systems have n o t  y e t  
found  widespread appl  i c a t i o n  i n  t h e  m i n i n g  i n d u s t r y .  

Mu1 t i p l e x  systems have e l i m i n a t e d  rnost o f  these  c a b l e  problems, b u t  a t  
t h e  c o s t  o f  added equipment comp lex i t y .  To date ,  t h e r e  i s  no commercial l y  
produced mu1 t i p l e x  system f o r  use i n  rnines t h a t  can f u n c t i o n  over  a s i n g l e  
w i r e  p a i r  on a n i n e - w i d e  b a s i s  w i t h o u t  i n - V i n e  r e p e a t e r s  o r  c e n t r a l  c o n t r o l .  
T h i s  e x t r a  equipment causes reduced re1 i a b i l i t y ,  and f a i l u r e  o f  an i n - l i n e  
r e p e a t e r  can d e s t r o y  t h e  i n t e g r i t y  o f  t h e  e n t i  r e  communication system. 

To overcome these  problems, t h e  Bureau o f  Mines has en te red  i n t o  a j o i n t  
v e n t u r e  w i  t h  C a t a l y s t  Kesearch Corp. l t o  deve lop an e igh t -channe l  mu1 t i p 1  ex 
phone system capable  o f  communicat ing ove r  a ~ninirnum d i s t a n c e  o f  5 m i l e s  (8 
kin) w i t h  no i n - l i n e  r e p e a t e r s  o r  c e n t r a l  c o n t r o l .  I n  a d d i t i o n  t o  m u l t i p l e x  
f e a t u r e s ,  each phone c o n t a i  ns a r e s i d e n t  pager phone t o  p r o v i d e  a1 1 -page 
c a p a b i l i t y  and a c t  as a emergency backup. 

MULTIPLEX SCHEMES 

The f i r s t  ma jo r  d e c i s i o n  i n  d e s i g n i n g  t h e  m u l t i p l e x  phone system was i n  
d e c i d i n g  whether t o  use t i m e  d i v i s i o n  mu1 t i p l e x i n g  (TDM) o r  f requency d i v i s i o n  
mu1 t i p l  e x i  ng (FDM) . Such f a c t o r s  as c o s t ,  slystem re1 i a b i  1 i t y  , and t e c h n i c a l  
c o n s t r a i  n t s  were cons idered.  When a1 1 f a c t o r s  were weighed, FDM was chosen. 
A b r i e f  d i s c u s s i o n  o f  t h e  f a c t o r s  p e r t i n e n t  t o  t h i s  d e c i s i o n  f o l l o w s .  

TDM cornmunication channel s must be sampled a t  a minimum r a t e  o f  two t imes  
t h e  bandwidth  o f  t h e  channel .  T h i s  i n f o r m a t i o n  i s  t h e n  d i g i t i z e d  and 
combined w i t h  samples f rom a l l  t h e  o t h e r  channels and t r a n s m i t t e d  t o  a 
r e c e i v e r  where i t  i s  decoded and reassembled i n t o  ana log form. T h i s  method 
can u t i l i z e  d i g i t a l  c i r c u i t r y  and i s  t h u s  a b l e  t o  e f f i c i e n t l y  e x p l o i t  r e c e n t  

Qureau o f  Mines C o n t r a c t  H0395000, Mu1 t i  p l  exed Telephone System f o r  Small 
Mines, C a t a l y s t  Kesearch Corp. Avai 1 a b l e  f o r  consul  t a t i o n  a t  P i t t s b u r g h  
Research Center,  Bureau o f  Mines, P i t t s b u r g h ,  PA. 

k i s c h a ,  Schwartz. I n f o r m a t i o n  Transmiss ion,  Modula t ion,  and Noise. McGraw- 
H i l l  Book Co., New York, Second E d i t i o n ,  1970, p. 119. 



advances i n  d i  y i t a l  techno1 ogy. However, TDM does present  d i f f i c u l t i e s  i n  
da ta  t rans in iss ion  i f  d is tances  exceed 1.6 km ( 1  m i l e )  o r  so. 

An e ight -channel  f u l l  duplex system r e q u i r e s  approx imate ly  50 kHz 
bandwidth.  I n  a  TUN system t h i s  means a  minimum sampling r a t e  of l O O K  samples 
per  second. I f  samples a re  d i g i  ti zed t o  an accuracy o f  6.25% a minirnum o f  
f o u r  b i t s  are needed per sample. Th i s  r e s u l t s  i n  a baud r d t e  o f  400 kHz and 
t h e  a d d i t i o n  o f  a guard band "between b i t s  r a i s e s  t h i s  r d t e  t o  800 kHz. To 
t r a r ~ s r n i t  dn 800-kHz d i g i t a l  s i gna l  would r e q u i r e  a cab le  w i t h  a  c a p a c i t y  i n  
excess o f  2 MHz. The d d d i t i o n  o f  s t a r t  b i t s ,  s top b i t s ,  address, etc., would 
i nc redse  t h i s  requ i  rernent even f u r t h e r .  It i s  almost imposs ib le  t o  a t t a i n  
t h i s  t ype  o f  t ransmiss ion  capac i t y  a t  a  d i s t ance  o f  5 m i l es  (8  km) w i t hou t  t h e  
a i d  o f  repea te rs .  Consequently t h e  TDM o p t i o n  was e l i m i n a t e d  as a  v i a b l e  
cho ice.  

The second m u l t i p l e x i n g  scheme i s  FDM. I n  t h i s  scherne each comniunication 
channel i s  t r a n s l a t e d  t o  a  separate  p o r t i o n  o f  t h e  spectrum. I n f o r ~ n a t i o n  i n  
t i l esc  channels may be e i t h e r  FM o r  AM modulated, and bandwidth o f  about 10 kHz 
can e a s i l y  accornmodate a  vo ice  grade channel . E i g h t  f u l l  duplex channel s  
would r e q u i r e  a  bandwidth as small as 160 kHz. 

FDM i s  r e l a t i v e l y  s t r a i g h t f o r w a r d  and i s  f r e q u e n t l y  used i n  r a d i o  
unca t ion .  Troubleshoot ing i s  s l i g h t l y  e a s i e r  than  w i t h  a  TDM system, bu t  
equiplnent does r e q u i r e  t h e  use o f  a  number o f  analog c i r c u i t s .  However, 

t h e  c u ~ ~ i p l e x i  t y  o f  t h i s  c i r c u i t r y  may be reduced by proper  channel s e l e c t i o n  a t  
t h e  cos t  o f  sorne inc rease  i n  bandwidth. Thus, FDM was chosen f o r  t h e  
rnul t i  p l  exed phone system. 

r4ucti o f  t he  cornp lex i ty  i n  FDM systems r e s u l t s  frorn t he  need t o  f i l t e r  ou t  
s i  yna l  s  and no i  se a t  f requenc ies o u t s i d e  t h e  rece i ve  bandwidth. Therefore,  a  
SChe~ils bvas devel oped t o  reduce f i  1  t e r  requ i  rernents f o r  t h e  rnul t i  p l  exed phone 
systerr~. Th is  cons i s t ed  o f  separa t ing  channels by 20 kHz i ns tead  o f  10 kHz and 
it1 r a i s i n g  t t i e  channel f requenc ies  t o  a  p o i n t  where t h e  e n t i r e  e i g h t  f u l l  
dup lex channels would be con ta ined  i n  a  s i n g l e  octave. I n  t h i s  manner, 
ha r i~ lon ics  from any t r a n s m i t t e r  would f a l l  i n t o  a  f requency range above t h e  
h i g h e s t  channel . Thi s  meant p l  a c i  ng t h e  cornmuni c a t i o n s  channel s  from 340 kHz 
t o  640 kHz. A t  these f requenc ies  a  8-km (5 -m i l e )  range i s  p r a c t i c a l  w i t hou t  
repea te rs  by u t i l i z i n g  a  h i gh  qua1 i t y  t w i s t e d  sh ie l ded  p a i r  (TSP)  cab le .  Th is  
r e q u i r e d  a  dynamic range o f  approx imate ly  60 db, which was achieved. 

CONTROL 

The rnul t i p l e x e d  phone system i s  f u n c t i o n a l l y  s i i n i l a r  t o  t h e  commercial 
phone system; t h i s  means c o n t r o l  o f  t h e  system i s  automat ic.  Cont ro l  i s  
accornpl i shed  by a  network o f  microprocessors  (one i n  each phone), which share 
system decis ionrnaking v i a  a  d i y i t a l  communications chanriel centered a t  30 kHz. 
Th i s  p ro toco l  min imizes t h e  p o s s i b i l  i t y  o f  a s i n g l e  phone f a i l  i n g  i n  a  manner 
t h a t  would d i s r u p t  t h e  e n t i  r e  mu1 t i p 1  ex system. 



The rn i  c r o p r o c e s s o r  c i  r c u i  t r y  c o n t r o l  s t h e  genera t  i o n  o f  a1 1  aud io  cues 
(busy s i g n a l ,  d i a l  tone,  e t c . ) .  T h i s  i s  t o  p r o v i d e  t h e  use r  w i t h  coinrnercial 
?hone sys tem- type feedback s i g n a l  s t h a t  a r e  r e a d i  l y  recoyn i  zab l  e. The r i  n g i  ny 
s i g n a l  i s  genera ted a t  t h e  c a l l e d  phone and sen t  back t o  t h e  c a l l e r  v i a  t h e  
a u d i o  channe l .  Th i s  a l s o  inforrns t h e  u s e r  t h a t  t h e  l i n e  between t h e  two 
pllories i s  good. The use of  t hese  s i g n a l  s combines t o  g i v e  a  good o v e r a l l  
i n d i c a t i o n  o f  t h e  sys tem's  s t a t u s .  

RESIDENT PAGER PHONE 

I n  o r d e r  t o  r e t a i n  a l l - p a g e  c a p a b i l i t y ,  each M u l t i p l e x  Phone4 has w i t h i n  
i t  a  r e s i d e n t  payer  phone t h a t  f u n c t i o n s  i n d e p e n d e n t l y  o f  t h e  phone 's  
m ic rop rocesso r .  Th i  s  sy ter~ i  u t i  1  i zes baseband cornmuni c a t  i ons and dc s i  gnd l  i ng 
1  i ke a  s t a n d a r d  pager phone. I n  f a c t ,  t h e  r n u l t i p l e x e d  phone system can be 
i n t e r f a c e d  t o  an e x i s t i n g  pager phones w i t h  t h e  a d d i t i o n  o f  a  d e c o u p l i n g  
c i r c u i t  t o  p r e v e n t  t i l e  payer  phones from l o a d i n g  down t h e  h i  yhe r  f requency  
channe ls  o f  t h e  r n u l t i p l e x e d  phone system. I f  t h e  a l l - p a y e  f u n c t i o n  i s  used 
when p r i v a t e  c o n v e r s a t i o n s  a r e  i n  p roy  r e s s ,  t h e  paye b roadcas t  i s  super i~nposed 
upon t h e  e x i s t i n g  p r i v a t e  rnessaye. Thus t h e  l i s t e n e r  cdn respond t o  wh ichever  
lnessaye i s  most i m p o r t a n t .  It was f e l t  t h a t  t h e  a b i l  i t y  t o  page a l l  phones 
w i t h i n  t h e  system (even t h o s e  a l r e a d y  i n v o l v e d  i n  a  c o n v e r s a t i o n )  was 
e s s e n t i a l  i n  t h e  event  o f  an erneryency. It shou ld  be no ted  t h a t  t h e  page 
system can a c t  as a  backup i f  t h e  rnul t i  p l  ex f e a t u r e s  f a i  1. A compl e t e  
spect rum o f  t h e  r n u l t i p l e x  system i s  shown i n  f i g u r e  1. 

SYSTEM POWER 

The r n u l t i p l e x e d  phone system was des igned t o  meet t h e  Mine S a f e t y  and 
H e a l t h  Adr~ii n i  s t r a t i o n ' s  (MSHA) c e r t i f i c a t i o n  r e q u i  rernents f o r  use i n  gassy 
mines.  Th i  s  1  i m i  t e d  power ing a1 t e r n a t i  ves, and b a t t e r y  power was u l t i m a t e l y  
s e l  ec ted .  

To m i n i m i z e  t h e  power d r a i n  o f  t h e  M u l t ' i p l e x  Phone, a  t w o - l e v e l  power-up 
sequence was i n s t a l  l e d .  Each phone c o n t a i n s  a  low-power 30-kHz d e t e c t o r ,  
wh ich  i s  c o n t i n u a l l y  a c t i v e .  I f  30 kHz i s  noted,  a  phased l o c k e d  l o o p  
dernodul a t o r  and d i  g i  t a l  address decoder a r e  a c t i v a t e d .  T h i s  d e v i c e  t h e n  scans 
f o r  i t s  address and proceeds t o  power up t h e  m ic rop rocesso r  o n l y  i f  it i s  
b e i n g  c a l l e d .  I n  t h i s  manner p r o j e c t e d  b a t t e r y  l i f e  has been ex tended t o  4 
months (depending on use).  

SPECIAL FUNCTIONS 

A d d i t i o n a l  c a p a c i t y  i s  a v a i l a b l e  w i t h  t h e  a d d i t i o n  o f  two o p t i o n a l  p ieces  
o f  equipment,  a  con fe rence  c a l l  u n i t  and a  d i s p a t c h e r ' s  phone. These u n i t s  
add much f l e x i b i l i t y  t o  t h e  system. 

4Tradetnark of  C a t a l y s t  Research Corp., Ba1 t i m o r e ,  MD; Use o f  company o r  
t fade  narnes i s  f o r  i d e n t i  f i c a t i o n  purposes o n l y  and does n o t  i rnply endorsement 
b y  t h e  Bureau o f  lulines. 



The conference c a l l  u n i t  w i l l  enable a  three-way p r i v a t e  conversa t i  on. 
Th is  u n i t  i s  expected t o  be use fu l  i n  much t h e  same manner as t h e  conference 
c a l l  capabi l  i ty o f  an aboveground phone system. It complements t h e  bas i c  
phone system bu t  i s  not  requ i red .  The d i  spa tcher ls  phone p rov ides  a  v a r i e t y  
o f  f unc t i ons .  It i s  a  M u l t i p l e x  Phone w i t h  some a d d i t i o n a l  programming 
capac i t y ,  and i t  can be use fu l  i n  mon i t o r i ng  t h e  system. It d i sp lays  which 
channels a re  a c t i v e  and can, upon command, check t h e  b a t t e r y  s t a t u s  o f  each 
Mu1 t i p l e x  Phone. It can a l so  preempt a  conversa t ion  i n  progress so t h a t  a  
p a r t y  i nvo l ved  i n  a  p r i v a t e  conversa t ion  may be reached w i t hou t  t h e  use o f  an 
a l l - page  c a l l .  

The rnicroprocessor used i n  each Mu1 t i p l e x  Phone has f l a g s  which can be 
e i t h e r  read o r  se t .  Two o f  these f l a g s  a re  no t  used and remain a v a i l a b l e  f o r  
use as con tac t - t ype  i n p u t s  o r  outputs .  The d i s p a t c h e r ' s  phone can read and/or 
s e t  f l a g s  t o  mon i to r  and/or c o n t r o l  parameters i n  t h e  mine. One example would 
be  t h e  mon i t o r i ng  o f  a  f l o a t  switch. A p p l i c a t i o n  o f  t h i s  systern i s  f l e x i b l e  
and depends on mine requ i  rements. 

SYSTEM STATUS 

I n  December 1981, an in-mine t e s t  was i n i t i a t e d  t o  eva lua te  a  system o f  
17 phones. Th is  inc luded  approx i lnate ly  4.5 km (2.8 m i l e s )  o f  cab le  w i t h  
ano ther  4.5 km (2.8 m i l e s )  o f  l o s s  a r t i f i c i a l l y  s imulated.  

The cab le  used f o r  t h i s  t e s t  i s  a  124-ohm low- loss TSP w i t h  #16 AWG s o l i d  
conductors.  A1 1  taps and spl  i c e s  were made w i t h  convent ional  spl  i c i n g  
techniques and enclosed i n  p l a s t i c  j u n c t i o n  boxes. Resi s t i  ve power d i v i d e r s  
were used f o r  a1 1 taps over 50 m (150 f t )  i n  leng th ,  and a1 1  cab le  runs over  
50 m (150 f t )  were te rmina ted  r e s i s t i v e l y .  

To date,  t h e  system has performed we1 1  w i t h  on l y  one f a i l u r e  a t t r i b u t a b l e  
t o  t he  phones. Th is  was a  f a i l  u re  o f  a  rnicroprocessor board. The o n l y  o the r  
f a i l u r e s  have been breakage o f  conductors i n  t he  TSP. Ba t t e r y  l i f e  has been 
as long  as 4  months depending upon phone usage. The M u l t i p l e x  Phone i s  shown 
i n  f i g u r e  2  and i t s  s p e c i f i c a t i o n s  a re  conta ined i n  t h e  appendix. 

FUTURE DEVELOPMENT 

Plans e x i s t  t o  extend the  capab i l  i t y  o f  t h e  mu l t i p l exed  phone system i n  
t h e  f u t u r e .  These p lans c u r r e n t l y  c a l l  f o r  t h e  development o f  a  data 
i n t e r f a c e  t h a t  w i l l  enable Be1 1  103-type equipment t o  f u n c t i o n  over t he  
system, t h e  development o f  a  u n i t  t o  i n t e r f a c e  w i t h  t h e  commercial phone 
system, and t h e  development o f  a  small phone branch exchange (PBX) which w i l l  
p rov ide  a  subscr iber  se rv i ce  drop t o  a  system o f  up t o  e i g h t  phones. Work i n  
these  areas has been completed through breadboards. 



CONCLUSION 

The 8ureau o f  Mines, i n  c o n j u n c t i o n  w i t h  C a t a l y s t  Research Corp., has 
developed a c o s t  e f f e c t i v e  rnu1 t i p l e x e d  phone system t h a t  p rov ides  e i g h t  f u l l  
dup lex v o i c e  grade channels a t  a d i s t a n c e  o f  up t o  8 km ( 5  m i l e s ) ,  which i s  
c o n t r o l  l e d  by a d i s t r i b u t e d  m ic roprocessor  systern. Th is  d i s t r i b u t i o n  enhances 
system re1 i a b i l  i t y .  Each phone a l s o  c o n t a i n s  a r e s i d e n t  pager phonem f o r  a l l  
page and erneryency c a l l  s. 

Spec ia l  f e a t u r e s  a re  a v a i l a b l e  by t h e  d d d i t i o n  o f  s p e c i a l i z e d  p ieces o f  
equipment. A d i  s p a t c h e r t  s phone has been developed and a conference c a l l  u n i t  
i s  c u r r e n t l y  under development. A smal l  PBX and a commercial phone systern 
i n t e r f a c e  a r e  planned i n  t h e  f u t u r e .  

APPENDIX 

1Yu1 t i  p l  ex Phonem Speci f i c a t i o n s  

Channel s : 1 al l -pagelemergency baseband 
1 30-kHz FSK d i g i t a l  c o n t r o l  
8 FM f u l l  dup lex v o i c e  grade 

Range: 8 km ( 5  m i l e s )  minimum w i t h  16-km (10-mi le )  cab le  p l a n t  

Power: 12 Vdc b a t t e r y  (NEDA 926) 

Dimensi ons: 12 i n  x 10-1/2 i n  x 5 i n  

Transrni t Power: A l l -page:  10 V p-p 
D i g i t a l :  2.5 V p-p 
Voi ce : .1 V rms 

Receive S e n s i t i v i t y :  A l l  page: .25 V rms 
D i g i t a l :  10 mV 
Vo ice:  100 PI 

Receive S e l e c t i v i t y :  D i g i t a l  : - + 9 kHz, -40 db 
Voi ce : - + 15 kHz, -70 db 

Adjacent  Channel 
R e j e c t i o n :  80 db 

Cable:  124 ohms low l o s s  TSP 
#16 AWG conductors  
(.Be1 den 9860 o r  equ i  v a l  e n t )  
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FIGURE 2 .  - Multiplex Phone 




