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PART THREE 

LEAKY COAXIAL CABLE FOR GUIDED WIRELESS 
MINE COMMUNICATION SYSTEMS 

Coaxial  c ab l e  s t r u c t u r e s  form t h e  s u b j e c t  of s u b s t a n t i a l  t h e o r e t i c a l  

and exper imenta l  i n v e s t i g a t i o n s  e i t h e r  d i r e c t l y  r e l a t e d ,  o r  which can be  

e x t r a p o l a t e d ,  t o  t h e  communications needs and environments of  U.S. c o a l  

mines. Communication s y s  tems based on "guided" waves, of which "leaky" 

c o a x i a l  c a b l e s  a r e  one implementat ion,  a r e  a t t r a c t i v e  cand ida t e s  f o r  

p rov id ing  a range of communication func t i ons  p r i m a r i l y  a long  haulage ways, 

and p o s s i b l e  a l s o  w i t h i n  s e c t i o n s  up t o  t h e  working f a c e .  (However, t h e r e  

a r e  s t i l l  s t r o n g  r e s e r v a t i o n s  as t o  whetlher a  p r a c t i c a l  c o a x i a l  c a b l e  

s y s  tem could prov ide  s u f f i c i e n t  communic,ations coverage w i t h i n  a  s e c t i o n .  ) 

I n  t h i s  P a r t ,  w e  p r e s e n t  t h e  r e s u l t s  of some t h e o r e t i c a l  c a l c u l a t i o n s  of 

t h e  performance of l eaky  c o a x i a l  c a b l e  c o m u n i c a t i o n  systems. W e  a l s o  

ana lyze  t h e  a p p l i c a b i l i t y  of t h e  t h e o r e t i c a l  and exper imenta l  r e s u l t s  

ob ta ined  by o t h e r  r e s e a r c h e r s  t o  t h e  neelds of U.S. c o a l  mines. I n  par- 

t i c u l a r ,  t h i s  i n v e s t i g a t i o n  ha s  been focused on t h e  u t i l i t y  of  r e l a t i v e l y  

low c o s t ,  convent iona l ,  f l e x i b l e ,  c o a x i a l  c ab l e  a t  f r equenc i e s  cover ing  

t h e  LF through HF bands and ex tending  i n t o  t h e  lower p a r t  of t h e  VHF band, 

as opposed t o  r e l a t i v e l y  h igh  c o s t ,  s p e c i a l  semi- r ig id ,  c o a x i a l  cab le*  a t  

f r equenc i e s  i n  t h e  VHF and UHF bands. 

There are t h r e e  major de s ign  a l t e r n a t i v e s  f o r  c o a x i a l  c ab l e  commun- 

i c a t i o n  systems considered i n  t h i s  chap t e r :  

a Base s t a t i o n  f eed ing  a c o a x i a l  c ab l e  w i th  h igh  s u r f a c e  t r a n s f e r  
impedance (ho les  i n  o u t e r  conductor ,  e .g . ,  b r a i d  c o n s t r u c t i o n ) .  

a Base s t a t i o n  f eed ing  a c o a x i a l  c ab l e  w i t h  r e p e a t e r s  (U.K. 
exper iments ) .  

a No base  s t a t i o n ,  d i r e c t  communication v i a  a c o a x i a l  c ab l e  w i th  
p e r i o d i c  r a d i a t i v e  s t r u c t u r e s .  

* The u t i l i t y  of s p e c i a l  Radiax T.M. cab l e  i n  t h e  UHF band i s  t r e a t e d  i n  
a  paper  coauthored by R. Lagace of ADL and H. Parkinson of PMSRC, and 
publ i shed  i n  U.S. Bureau of Mines Informat ion  C i r c u l a r  No.8635, and i n  
P a r t  E igh t  of t h i s  Volume. 
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Our d iscuss ion  of t h e  l a t t e r  two a l t e r n a t i v e s  c o n s i s t s  p r imar i ly  of 

desc r ip t ions  of t h e  progress  and r e s u l t s  achieved i n  Europe. I n  t h e  f i r s t  

ca se ,  which i s  t h e  s imples t  i n  the  sense of requirFng no s p e c i a l  devices 

added t o  t h e  coaxia l  cable ,  we have analyzed t h e  performance t h a t  can be 

hoped f o r  based on s impl i f i ed  t h e o r e t i c a l  models. 

I. APPLICATION OF LEAKY COAXIAL CABLE COMMUNICATION SYSTEMS 

The communication funct ion  f o r  which coax ia l  cable s t r u c t u r e s  a r e  

being considered i s  f i r s t  and foremost: 

a Two-way communication along main haulage ways up t o  4-5 miles  
long,  t o  veh ic l e s  and t o  key ind iv idua l s  on-the-move. 

A l e s s  l i k e l y  app l i ca t ion  involves:  

a Two-way communication i n  s e c t i o n s  up t o  working f a c e s ;  a l l  
e n t r i e s  nea r  t h e  working face  should be covered, but  poss ib ly  
only a l i m i t e d  po r t ion  of those a t  o r  near  main haulage ways. 
Communication with roving personnel a t  up t o  3,000 f e e t  away 
from main haulage ways needs t o  be e s t ab l i shed .  More than one 
kind of working face  must be d e a l t  wi th ,  i . e . ,  room and p i l l a r  
(predominant i n  the  U.S .) and longwall.  

A major disadvantage of conventional f l e x i b l e  coax ia l  cable  s t r u c t u r e s  

i n  t h e  l a t t e r  app l i ca t ion  a r i s e s  from t h e i r  seeming i n a b i l i t y  t o  provide 

communications coverage a t  more than 10 t o  20 meters l a t e r a l  d i s t ance  from 

t h e  cable  i n  t h e  above mentioned frequency bands which a r e  s u i t a b l e  f o r  use 

wi th  these  cables .  Thus i n  o rde r  t o  provide wide a r e a  communications 

coverage wi th in  t h e  network of tunnels  i n  a coa l  mine s e c t i o n ,  i t  would be  

necessary t o  s t r i n g  cables  along most of them. There a r e  however severe  

p r a c t i c a l  and economic obs t ac l e s  t o  s t r i n g i n g  a l l  t h i s  cable  i n  t h e  con- 

t i n u a l l y  changing geography of a s e c t i o n .  Hence the  major i ty  of t h e  remarks 

and analyses described i n  t h i s  chapter  a r e  d i r ec t ed  towards t h e  primary 

app l i ca t ion  of e s s e n t i a l l y  l o n g i t u d i n a l  communication along haulage ways. 

.*.. 
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I1 . THEORETICAL CALCULAlCIONS OF PERFORMANCE 

OF LEAKY COAXIAL CABLE C(IMM[MICATION SYSTEMS 

This s e c t i o n  descr ibes  the  methods and r e s u l t s  of ca l cu la t ions  of 

the  leakage of electromagnetic  energy from coaxia l  cable s t r u c t u r e s .  

These ca lcu la t ions  were performed t o  give prel iminary es t imates  of the  

optimum design of induct ive ly  coupled communication systems based on 

p a r t i a l l y  sh ie lded  transmission l i n e s ,  and t o  suggest t h e  experimental 

d a t a  needed t o  confirm o r  modify e x i s t i n g  theor i e s  of t h e i r  opera t ion .  

The s i t u a t i o n s  considered include the  behavior of f i e l d s  i n  an a i r  

ou te r  medium using a s o l i d  wa l l  s h i e l d  model approximation, and an i d e a l l y  

conducting b r a i d  s h i e l d  model. 

Electromagnetic f i e l d s  i n  and around coaxia l  l i n e s  can be ca lcu la t ed  

using the  s imples t  a v a i l a b l e  geometrical model (Figure 1 ) .  The following 

assumptions a r e  made: 

1 )  A s  t h e  ou te r  s h i e l d  of t h e  coaxia l  l i n e  i s  made s l i g h t l y  "trans-  
parent" t o  the  elctromagnetic  f i e l d s ,  t h e  i n s i d e  f i e l d s  ( i n  
Regions 1 and 2) a r e  not  a f f ec ted  d r a s t i c a l l y ;  hence the  e r r o r  
introduced by using t h e  "opaque" s h i e l d  f i e l d  d i s t r i b u t i o n  
i n s i d e  w i l l  be neg l ig ib le .  

2) The a x i a l  a t t enua t ion  of t h e  f i e l d ,  although always non-zero, i s  
small  enough t h a t  i t s  e f f e c t  on t h e  r a d i a l  components kr of t h e  
propagation vector  i s  neg l ig ib le .  

3) A l l  four  regions a r e  non-magnetic, i . e . ,  ~1 = ~2 = ~3 = vo. 
This  i s  not  a s i g n i f i c a n t  r e s t r i c t i o n  on the  ma te r i a l s  of t h e  
co x i a l  cable  i n -  the  frequency range of i n t e r e s t  (roughly 105- 8 10  Hz). 
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64, P.4 - Gen .era1 External  Medium 

FIGURE 1 CHARACTERISTIC QUANTITIES AND DIMENSIONS ASSOCIATED WITH 
A FOUR REGION COAXIAL LINE GEOMETRY 
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The mathematical  formalism of  t h e  wave t h e o r e t i c a l  a n a l y s i s  s tarts 

from t h e  wave equa t ion  f o r  t h e  v e c t o r  p o t e n t i a l  f o r  a  four-region system 

( 3  concen t r i c  c y l i n d r i c a l  boundary surfaices w i t h  r a d i i  a ,  b ,  c ) .  The 

t ransmiss ion  l i n e  i s  s t r a i g h t ,  i n f i n i t e1 :y  long ,  and uniform, and i t s  

c ros s - s ec t i ona l  dimensions a r e  neg1igibl .y  sma l l  w i th  r e s p e c t  t c  t h e  wave- 

l e n g t h  of t h e  s i g n a l s .  There a r e  s i x  boundary cond i t i ons ,  s i n c e  t h e  

t a n g e n t i a l  components of t h e  e l e c t r i c a l  <and magnetic f i e l d  i n t e n s i t i e s  

a r e  cont inuous a c r o s s  each of t h e  t h r e e  Iboundaries. W e  assume a c o a x i a l  

l i n e  o p e r a t i n g  i n  a TEM mode. 

The o u t e r  s h i e l d  of t h e  c o a x i a l  calble does n o t  p rov ide  complete 

s h i e l d i n g  a t  low f r equenc i e s ,  b u t  i n  f a c t  a l lows  a  more-than-adequate 

f i e l d  t o  propagate  as a loosely-bound s u r f a c e  wave a long  t h e  o u t s i d e  

of t h e  cab l e .  The wave phase v e l o c i t y  o.f t h e  c a b l e ,  and t h e r e f o r e  t h e  

degree  t o  which t h e  e x t e r n a l  f i e l d  i s  coinfined t o  t h e  v i c i n i t y  of t h e  

c a b l e ,  can be a d j u s t e d  by changing t h e  cab l e  i n t e r n a l  d i e l e c t r i c  cons t an t .  

The h i g h e r  t h e  d i e l e c t r i c  c o n s t a n t ,  t h e  more confined t h e  e x t e r n a l  f i e l d .  

Coaxial  c a b l e  a l s o  a s s u r e s  t h a t  f i e l d  behavior  w i l l  be  r e l a t i v e l y  insen-  

s i t i v e  t o  t h e  sur rounding  p h y s i c a l  environment,  s i n c e  most of t h e  power 

is t r a n s p o r t e d  i n s i d e  t h e  cab l e .  The i n s e n s i t i v i t y  t o  t h e  e x t e r n a l  

environment n o t  only s i m p l i f i e s  a n a l y s i s ,  bu t  i s  an advantageous,  i f  n o t  

i nd i spensab l e ,  c h a r a c t e r i s t i c  of t h e  cab l e ,  p a r t i c u l a r l y  i n  t hose  app l i ca -  

t i o n s  where t h e  communications c o r r i d o r  may be s t rewn wi th  l a r g e  me ta l  

o b j e c t s  and con t a in  s e v e r a l  bends o r  co rne r s .  

A. S o l i d  Sh i e ld  Model 

The e x t e r n a l  f i e l d s  can be analyzed us ing  a s o l i d  c y l i n d r i c a l  

s h i e l d  model, s i n c e  b r a ided  s h i e l d s  appear  s o l i d  below about  5  MHz. (1)  

K. I k r a t h ,  " ~ e a k a g e  of Electromagnet ic  Energy from Coaxial  Cable 
S t r u c t u r e s " ,  U. S. Army S igna l  Research and Development Laboratory,  
Fo r t  Monmouth, N .  J . ,  USASRDL Tech. Dept. 1964 (1958). 
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The n a t u r e  of t h e  e l ec t romagne t i c  wave f i e l d s  e x t e r n a l  t o  a long  l eng th  

of  d i e l e c t r i c - f i l l e d  c o a x i a l  c a b l e  p laced  i n  an a i r  medium i s  descr ibed  

below. The f i e l d  equa t ions  r e p r e s e n t  an e x t e r n a l  s u r f a c e  wave propaga- 

t i n g  i n  t h e  p o s i t i v e  a x i a l  (z) d i r e c t i o n .  The e x t e r n a l  wave has  two 

e l e c t r i c  f i e l d  components E r ,  E Z ,  and one c i r c u m f e r e n t i a l  magnetic 

f i e l d  component H + ,  a l l  c i r c u l a r l y  symmetric about t h e  z -ax is .  

where t h e  coord ina te  system is  def ined  by F igure  1; and 

Er ( vo l t s lme te r )  i s  t h e  component of e l e c t r i c  f i e l d  i n  t h e  
r a d i a l  d i r e c t i o n  - r .  

EZ (vo l t s lme te r )  i s  t h e  component of e l e c t r i c  f i e l d  i n  t h e  
a x i a l  d i r e c t i o n  - z .  

Hg (ampereslmeter) i s  t h e  component of magnetic f i e l d  i n  t h e  
c i r c u m f e r e n t i a l  d i r e c t i o n  - +. 

Ez (vo l t s lme te r )  i s  t h e  component of e l e c t r i c  f i e l d  i n  t h e  
a x i a l  d i r e c t i o n  - z .  

H+ (ampereslmeter i s  t h e  component of magnetic f i e l d  i n  t h e  
c i r c u m f e r e n t i a l  d i r e c t i o n  - 4 .  

Ezout (a t  s h i e l d )  
S = ; S i s  t h e  complex s u r f a c e  ( 4 )  

I t r a n s f e r  impedance. It 
r e p r e s e n t s  t h e  magnitude 
and phase of  t h e  a x i a l  
component 'of e l e c t r i c  f i e l d  
(E,) a t  t h e  o u t e r  s u r f a c e  of 
t h e  c o a x i a l  c ab l e  s h i e l d  p e r  
u n i t  c u r r e n t  i n  t h e  c e n t e r  
conductor .  

.. =, 
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me-t l6 
S = ohmslmeter, ( f o r  t / 6  2 1 )  ca6 

b , c  a r e  t h e  s h i e l d  r a d i i  shown i n  F igure  1 i n  meters 

t = c-b i s  t h e  t h i cknes s  of t h e  cab l e  o u t e r  s h i e l d  (6) 

6 = m- - s k i n  dep th  i n  t h e  conduct ing s h i e l d  
wlJ.0 

(7) 

w i s  t h e  r ad i an  frequency (==21~f) 

E ~ ,  u o  a r e  t h e  p e r m i t t i v i t y  and pe rmeab i l i t y  of  f r e e  
space  i n  f a r ads lme te r  and hen r i e s lme te r  
r e s p e c t i v e l y .  

a is  t h e  conduc t iv i t y  of  t h e  s h i e l d  and c e n t e r  
conductor i n  mholmeter 

k = w(uo~o)112 is  t h e  r e s u l t a n t  propagat ion v e c t o r  (8) 
i n  t h e  e x t e r n a l  medium 

E 112 
k, = 8,-ja2zw(uo~)112 = (;-I k i s  t h e  a x i a l  component (9) 

o of t h e  propagat ion 

v e c t o r  f o r  t h e  cab l e  
s t r u c t u r e  (2 -a t tenua t ion  
cons t an t  a Z  smal l )  

E is  t h e  p e r m i t t i v i t y  of t h e  c a b l e  d i e L e c t r i c  

E k = j - - I 2  is  t h e  r a d i a l  component of t h e  
€0 (10) 

propaga.t ion v e c t o r  i n  t h e  e x t e r n a l  
medium 
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z i s  t h e  a x i a l  coo rd ina t e  d i s t a n c e  i n  mete rs  

Ko(qr) i s  t h e  zero-order modified Bessel  f unc t i on  
of t h e  t h i r d  kind 

K ( q r )  is  t h e  f i r s t - o r d e r  modified Besse l  f u n c t i o n  
o f t h e t h i r d k i n d .  

The e x t e r n a l  Er and H components a r e  i n  phase w i th  each o t h e r ,  
0  

thereby  propaga t ing  power down t h e  o u t s i d e  of t h e  l i n e .  Er and H+ a r e  

simply r e l a t e d  by t h e  r a t i o  

which equa l s  570 ohms f o r  po lye thy l ene - f i l l ed  c a b l e s  such a s  RG-58 and 

RG-8. I n  a p p l i c a t i o n s  where t h e  r a d i a l  d i s t a n c e  r and frequency a r e  

such t h a t  q r < 0.15, K, ( q r )  and K1 ( q r )  can b e  approximated by t h e  

s impler  sma l l  argument forms 

t o  g ive :  

A c o a l  mine haulage way communications system o p e r a t i n g  below about 

100 kHz i s  one such a p p l i c a t i o n .  

. .* 
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Equations 1 3  through 15 revea l  t h a t  i n  the  v i c i n i t y  of t h e  cable  the  

r a d i a l  e l e c t r i c  f i e l d  Er and c i rcumferent ia l  magnetic f i e l d  H f a l l  o f f  
0 

i nve r se ly  with d i s t ance  r from t h e  cable ,  while  t h e  a x i a l  e l e c t r i c  Ez 

f i e l d  f a l l s  of f  a s  the  logari thm of r .  When q r  > 0.15, i . e .  a t  h igher  

frequencies o r  g r e a t e r  d i s t ances  form t h e  cable ,  t h e  exact  expressions 

f o r  KO (qr )  and K 1  (q r )  must be used. 

When a i r  is the  ou t s ide  medium, t h e  f i e l d s  i n  Region 4 represent  a  

su r face  wave along t h e  ou t s ide  of t h e  coaxia l  s h i e l d .  There is  power 

t r a n s f e r  i n  the  a x i a l  d i r e c t i o n ,  and only r e a c t i v e  power i n  the  r a d i a l  

d i r e c t i o n  (Er and Hg i n  phase, E, i n  phase quadrature wi th  both E, and HO). 

B. Leaky Braid Shie ld  Model* 

This model explores leakage of electromagnetic  energy through t h e  

aper tures  i n  braided s h i e l d s .  The e x t e r n a l  magnetic f i e l d  is obtained 

by superpos i t ion  of t h e  f i e l d  conf igura t ions  from each b r a i d  wire  cu r ren t  

a s  a  funct ion  of t h e  d i s t ance  from t h e  wire.  Leakage through t h e  con- 

duct ing b ra id  wire i t s e l f  i s  neglected ( i d e a l l y  conducting assumption). 

The b ra id  is regarded as  a  mesh of diamond shaped ape r tu res  (Figure 2) 

and the  following assumptions a r e  made i n  o rde r  t o  be ab le  t o  apply the  

a n a l y t i c a l  r e s u l t s  of a  plane meshwire model t o  the  curved s h i e l d s  of 

coaxia l  cables.  

1. S ta t iona ry  DC l i k e  behavior of t h e  f l u x  p a t t e r n s  i n  t h e  
immediate v i c i n i t y  of t h e  b r a i d  ape r tu res  i s  assumed a t  
wavelengths which a r e  l a r g e  compared t o  t h e  dimensions of 
the  b r a i d  ape r tu res .  

2. Magnetic f i e l d  d i s t o r t i o n s  due t o  geometry and contac t  
condit ions a t  t he  b ra id  wire cross ing  a r e  neglected.  

3 .  The number of mesh ape r tu res  i s  l a r g e  i n  a  su r face  por t ion  
of t h e  b ra id  which can be considered t o  be almost f l a t .  

-- - -  

* K. I k r a t h ,  r e f .  (1 ) .  
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Under symmetry conditions currents i' and i" are equal. 

Figure 2a 

.I I 

Figure 2b 

X 

* K. Ikrath, ref. 1 

FIGURE 2 BRAID SHIELD MESH STRUCTURE* 

.a* 
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4. Geometric symmetry and equal  s i z e  of t he  diamond shaped b r a i d  
ape r tu res  is assumed (a  pe r tu rba t ion  of t h e  symmetrical model 
would exceed t h e  scope of t h i s  p re sen ta t ion ) .  

5. The b r a i d  is made of i n f i n i t e l y  conducting m a t e r i a l  (leakage 
through t h e  ape r tu res  only) .  

The expression f o r  t h e  su r face  t r a n s f e r  impedance pe r  u n i t  l eng th  

is then* 

S = 0.3 f;- (g)4 (1 + tan4a - s i n  4 a ) ,  
a 

f o r  small leakage f a c t o r  

where n is the  number of b r a i d  wire s t r a n d s  which form t h e  diamond 

shaped mesh ape r tu res .  The leakage f i e l d s  f o r  t h e  b r a i d  s h i e l d  model 

can then be ca l cu la t ed  from eqs.  (13)-(1.5) o r  (1)-(3) by s u b s t i t u t i n g  

t h e  expression (16) f o r  S. 

C.  Behavior Versus Operat ing Frequency 

I n  Figure 3 t h e  l a t e r a l  leakage f iei lds  i n  a i r  (again ignor ing  z 

dependence a r e  shown a s  a funct ion  of frequency a t  two d i s t ances  from 

RG 58/U cable.  These p l o t s  were obtained us ing  both t h e  s o l i d  wa l l  and 

i d e a l l y  conducting b r a i d  s h i e l d  approximations. The cab le  parameters 

and b r a i d  dimensions a r e  given i n  Tables 1, 2 and 3. I n  these  ca lcula-  

t i o n s  t h e  exac t  express ions  f o r  t h e  Besael  funct ions  K(nr) were used 

when n r  > 0.15. 

* K. I k r a t h ,  r e f .  (1) .  
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TABLE 1 

COAXIAL CABLE PARAMETERS, RG 58/U CABLE 
(For Figure 1 Geometry) 

a (meters) 4.13 x 

b (meters) 1 .524 1 om3 
c (meters) 1.816 x 

t (meters) 2.92 1 o - ~  
o (mholm) 5.7 x lo7 

e2 (relative) 2.26 e0 

TABLE 2 
BRAID DIMENSIONS, RG 58/U CABLE 

(as measured on a small sample) 

TABLE 3 

LONGITUDINAL ATTENUATION Ila), RG 58/U CABLE 

Frequency (MHz) .I .5 1 2 5 10 15 20 50 

a (dB per 100 ft.) .I .25 .35 .54 .95 1.45 1.8 2,1 3.6 

Arthur D Little Inc 



Examination of Figure 3 reveals  t h a t  leakage through t h e  conducting 

s h i e l d  ma te r i a l  dominates over t h a t  through t h e  b ra id  aper tures  a t  

f requencies below about 5 MHz. It is  a l s o  c l e a r  t h a t  lower frequencies 

a r e  favored o v e r a l l  with no optimum frequency occurring above 100 kHz 

i n  terms of achievable leakage f i e l d s .  However, a secondary "plateau" 

region i s  produced between 5 and 50 MHz by t h e  broad maximum i n  e x t e r n a l  

f i e l d  s t r eng th  predic ted  when using only the  b ra id  s h i e l d  model. The 

frequency band i n  which t h i s  f i e l d  maximum occurs using t h e  b r a i d  s h i e l d  

model v a r i e s  with d i s t ance  from t h e  cable.  A t  1 meter from t h e  cable 

t h e  f i e l d  maximum occurs between 10 and 20 MHz, while a t  a d i s t ance  of 

10 meters,  t h e  maximum occurs around 1 MHz. 

It should be noted t h a t  t h e  p l o t s  of Figure 3 have taken no account 

of long i tud ina l  a t t enua t ion  (Table 3) of the  f i e l d s  a s  they t r a v e l  along 

the  cable .  This a t t enua t ion  increases  wi th  frequency. I n  Figure 4 a r e  

shown p l o t s  of the  open c i r c u i t  vol tage  induced by the  magnetic f i e l d s  

of Figure 3 i n t o  a t r ansce ive r  loop antenna having a nominal e f f e c t i v e  

a rea ,  A e f f  , of l m 2 .  Unlike Figure 3 ,  a frequency dependent a t t enua t ion  

f a c t o r  which corresponds t o  t ransmission along 300 meters of RG-58/U cable  

has been applied t o  the  s i g n a l .  Again, no maximum is  found i n  t h e  

s i g n a l  above 100 H z  using t h e  s o l i d  s h i e l d  approximation; and broad 

vol tage  maxima f o r  t h e  b ra id  s h i e l d  model remain a t  roughly t h e  same 

frequencies a s  t h e  f i e l d  maxima, f a l l i n g  between 10-20 MHz a t  t h e  d i s t ance  

of 1 meter and between 1 and 5 MHz a t  a d is tance  of 10 meters.  The 

o v e r a l l  r e s u l t  i s  a s  before  with t h e  low frequencies favored and a 

secondary p la teau  region between 5 and 50 MHz. This r e s u l t  i s  s i m i l a r  

t o  t h e  o r i g i n a l  f i e l d  r e s u l t s  because of t h e  approximate cance l l a t ion  of 

two opposing e f f e c t s ,  (a) the  d i f f e r e n t i a t i n g  e f f e c t  of t h e  rece ive  loop,  

which favors higher  frequencies and (b) t h e  a t t enua t ion  wi th in  t h e  cable ,  

which i s  g rea te r  a t  h igher  frequencies.  It w i l l  a l s o  be observed t h a t  

the  open c i r c u i t  vol tage  of t h e  rece ive  loop i s  only a very weak funct ion 

of frequency below 100 kHz down t o  about 20 kHz. 

C l U I  
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It is  worth no t ing  from Figure 4 t h a t  t he  rece ive  s i g n a l  vol tage  

a t  a  d i s t ance  of 1 meter from t h e  cable  is  about 39dB higher  a t  100 kHz 

( so l id  s h i e l d  approximation) than the  maximum value  f o r  t h e  b r a i d  s h i e l d  

approximation around 15  MHz. A t  r = 10 meters ,  t h i s  d i f f e rence  inc reases  

t o  about 54dB, when comparing the  vol tage  maximum f o r  the  b r a i d  s h i e l d  

approximation a t  about 3 MHz with the  h igher  vol tage  a t  t h e  same 

frequency of 100 kHz f o r  t h e  s o l i d  s h i e l d  case.  

D. At ta inable  Longitudinal  Comunicat ion Range 

This  s e c t i o n  conta ins  the  r e s u l t s  of ca l cu la t ions  of t h e  two-way 

long i tud ina l  communication range a t t a i n a b l e  between a roving miner wi th  

a  po r t ab le  t r a n s c e i v e r  and a f ixed  base s t a t i o n  connected t o  a  leaky 

coax ia l  cable  hung a g a i n s t  t he  r i b  of a  haulage way. I n  t h e s e  c a l c u l a t i o n s  

it  has been assumed t h a t  t h e  haulage way environment does not  appreciably 

a f f e c t  t h e  f i e l d s  leaked out  of t h e  cable  i n t o  t h e  haulage way cross-  

s e c t i o n  because most of t h e  power i s  t ranspor ted  i n s i d e  t h e  cable.  Thus, 

t h e  ca l cu la t ed  ranges a r e  those  f o r  a  cable  i n  f r e e  space. Furthermore, 

t h e  long i tud ina l  range of t h e  communication system has been defined a s  

t h a t  poin t  where t h e  leakage f i e l d  induces a  vol tage  across  t h e  matched 

input  of t h e  r e c e i v e r ,  a t  a  l a t e r a l  d i s t ance  r meters from t h e  cab le ,  

which i s  j u s t  equal  t o  t h e  s e n s i t i v i t y  of t h a t  rece iver .*  I n  t h e  follow- 

ing  a l l  q u a n t i t i e s  should be understood a s  having t h e i r  RMS va lues  

where appropr ia te .  

Assuming a loop antenna,  

r f y _  NAB 

* This assumes t h a t  system performance w i l l  be l imi t ed  by i n t r i n s i c  
r ece ive r  no i se  as opposed t o  e x t e r n a l  electromagnetic  no i se  i n  t h e  
mine. A s  such, t h e  ranges ca l cu la t ed  i n  t h i s  s e c t i o n  can be con- 
s ide red  as upper bounds on performance t h a t  w i l l  only be f u r t h e r  
degraded by ext.ernd_naise- Levels, . Tbg-.eleflr-onagne-tic no i se  d a ~ a  
r e c e n t l y  taken up t o  32 rlIlz by the  National  Bureau of Standards i n  
s e v e r a l  coa l  mines should allow more r e a l i s t i c  es t imates  of commun- 
i c a t i o n  range t o  be made when t h e  reduced d a t a  become a v a i l a b l e  i n  
t h e  near  f u t u r e .  

Arthur D Little, Inc. 



where Vr is  t h e  vo l t age  across  the  r e c e i v e r ' s  matched inpu t ,  

Vo i s  t h e  open c i r c u i t  vo l t age  across  t h e  loop,  

B is  t h e  magnetic f l u x  dens i ty  (p H) i n  webers/meter2 
(3 

pc i s  t h e  e f f e c t i v e  permeabi l i ty  f a c t o r ,  and NA, t h e  

product of t h e  number of t u r n s  times the  a r e a  of t h e  loop.  

I n  more convenient u n i t s  f o r  t h i s  calcu:lation, t h e  maximum acceptable  

f i e l d  i n t e n s i t y  H i s  given by 0 

H$ (dB r e  1 ampere pe r  meter) = vrS (dB r e  1 pV) 

-pcNA (dB r e  lm2) - f  (dB r e  1 MHz) - 132, 

where vrS i s  t h e  s e n s i t i v i t y  of t h e  r ece ive r .  

The maximum long i tud ina l  two-way co~munica t ion  range has been calcu- 

l a t e d  f o r  RG 5 8 / ~  coax ia l  cable  using equat ion (19),  i n  conjunct ion with 

previous computations of H and t h e  long i tud ina l  a t t e n u a t i o n  a s soc ia t ed  
@ 

with t h i s  cable  given i n  Table 3 .  The v a r i a t i o n  i n  long i tud ina l  communi- 

c a t i o n  range with operat iong frequency, l a t e r a l  range,  and loop e f f e c t i v e  

a r e a ,  based on the  two s i m p l i f i e d  models of f i e l d  behavior  discussed 

e a r l i e r ,  is presented f o r  RG 5 8 / ~  cable  i n  Table 4. These t abu la t ed  

va lues ,  a s  noted i n  t h e  t a b l e ,  a r e  f o r  a  po r t ab le  FM system having a  

nominal t r a n s m i t t e r  power of 1 w a t t  and r e c e i v e r  s e n s i t i v i t y  of 1 micro- 

v o l t ,  under t h e  most favorable  s i g n a l  c o ~ i d i t i o n s  when the  mobile u n i t  

antenna i s  o r i en ted  f o r  maximum coupling t o  t h e  coax ia l  cable  leakage 

f i e l d s  and no d e s t r u c t i v e  i n t e r f e r e n c e  (fading)  is  present .  The range 

impl ica t ions  of nominal p o l a r i z a t i o n  and/or  fad ing  l o s s e s  a r e  a l s o  noted. 

E. Discussion of Resul t s  

The r e s u l t s  tabula ted  i n  Table 4 i n d i c a t e  t h a t  one can hope t o  achieve 

base s ta t ion- to-por tab le  u n i t  comunica t ions  along cable  l eng ths  of up t o  

about one mile  only a t  opera t ing  f requencies  around 100 kHz and below, 

with reasonable po r t ab le  t r a n s m i t t e r  and r ece ive r  parameters and without  

Arthur D Little. Inc. 



TABLE 4 

MAXIMUM TWO-WAY LONGITUDINAL COMMUNICATION RANGE VIA 
LEAKY COAXIAL CABLE (5052, RG 58/U) 

FM System 
Transmitter Power = 1 watt * 
Injected Current = 141 milliamperes rms 
Receiver-Noise-Limited Case for a Receiver Sensitivity of V: = 1pV 

for 20 dB of Quieting 
- * Loop Effective Area = pcNA 

Maximum Longitudinal Communication ~ a n ~ e s  

Lateral Range Frequency (feet) 
(meters) (MHz) pcNA = 0.1m2 pcNA = l m 2  pcNA = 10m2 

'Ranges i n  parentheses are obtained b y  use o f  f ie ld  strengths calculated f r o m  the leaky braid model. I n  al l  cases where ranges are 
given fo r  the  bra id model, t he  sol id shield model gives zero range. 

*Representative values o f  effective loop  area and transmitter power fo r  portable personal tranceiver units are 0.5m2 - for  a 
ferrite-loaded loop, and 1 watt,  respectively; and for  mobile vehicular units, 5m2 for  an air-core loop, and  1 0  watts. The 
ferrite-loaded loop  effective area reduces t o  unacceptable levels for  a practical design as the frequency increases (fai l ing t o  about 
0.005m2 around 2 0  MHz),  thereby indicating that  a wh ip  antenna about 2 feet long w i l l  be needed t o  obtain the required signal 
levels at the higher frequencies. 

S ~ h e  max imum ranges tabulated above are for the most favorable signal and noise condit ions. I f  a nominal safety margin of  1 4  d B  is 
also included t o  account for l ikely polarizat ion and fading losses (the former at  lower frequencies and the  latter at higher 
frequencies), ranges that are more realistic for rout ine use o f  portable units i n  haulage ways are probably those i n  the  
pc NA = 0.1 m 2  column above. The corresponding ranges for  vehicular units should l ie  approximately half way between those i n  the 
l m 2  and 10m2 columns. These ranges apply when receiver noise, n o t  external electromagnetic mine noise, is the dominating noise 
source. Longitudinal ranges fo r  dif ferent values o f  power, l oop  area, safety margin, receiver sensitivity or corresponding levels o f  
external noise, can also be obtained b y  relating the to ta l  d B  change t o  the  equivalent change i n  cable length using the Table 3 
longitudinal attenuation values for  each frequency. 

Final ly, though the  lower frequencies of fer  the greatest signal levels fo r  a given transmitter current, these levels unfortunately can 
require r f  transmitter voltages on  the order o f  100  volts for  a portable uni t  w i t h  a 1 0 0  mil l iampere loop  current. Therefore, the 
implicat ions o f  these voltage and current levels o n  the instrinsic safety o f  such portable units should be investigated i f  they are t o  
be used i n  the face areas of  work ing sections. 

il8*8I 
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r e p e a t e r s  placed i n  t h e  cab l e .  Larger ,  higher-powered vehicle-mounted 

mobile u n i t s  w i l l  achieve g r e a t e r  l o n g i t u d i n a l  ranges as i n d i c a t e d .  

Table 4 a l s o  r e v e a l s  t h a t  l a t e r a l  d i s t a n c e  from t h e  cab l e  i n  t h e  haulage 

way i s  n o t  a s i g n i f i c a n t  f a c t o r  wi th  r e s p e c t  t o  determining t h e  optimum 

frequency band. Furthermore, t h e  evidence of Figure 4 shows t h a t  below 

about 100 kHz, t h e r e  i s  n o t  much t o  choose between f requenc ies  i n  terms 

of s i g n a l  s t r e n g t h .  A t  l o n g i t u d i n a l  comnunication d i s t a n c e s  of more 

than one t o  two m i l e s ,  f r equenc i e s  of a few t e n s  of kHz w i l l  be s l i g h t l y  

favored over  100 kHz, from t h e  p o i n t  of view of s i g n a l  s t r e n g t h ,  because 

of t h e  lower a t t e n u a t i o n  along t h e  c a b l e  a t  lower f requenc ies .  However, 

t h e s e  d i f f e r e n c e s  i n  s i g n a l  s t r e n g t h  w i th  frequency a r e  no l a r g e r  and 

perhaps even smaller (2-3 dB) than  t h e  u n c e r t a i n t i e s  presen ted  by t h e  

e x t e r n a l  n o i s e  environment i n  t h e  haulage way. This  e x t e r n a l  n o i s e  may 

i n  f a c t  t u r n  ou t  t o  be  t h e  l i m i t i n g  f a c t o r  on communication range,  and 

hence be t h e  f i n a l  i n f l u e n c e  on t h e  choice  of ope ra t i ng  frequency. 

The choice of an optimum ope ra t i ng  frequency i s  a func t ion  of fou r  

f a c t o r s *  which vary  d i f f e r e n t l y  w i th  frequency,  namely l o n g i t u d i n a l  

a t t e n u a t i o n  of t h e  s i g n a l  w i t h i n  t h e  l i n e ,  leakage of t h e  f i e l d  t o  t h e  

o u t s i d e ,  p ropaga t ion  of t h e  "leaked" f i e l d  o u t s i d e  t h e  cab l e ,  and e x t e r n a l  

n o i s e  l e v e l s .  Ex te rna l  n o i s e  l e v e l s  were n o t  inc luded  i n  t h e  above ca l -  

c u l a t i o n s  because s i g n i f i c a n t  d a t a  were inot y e t  convenient ly  a v a i l a b l e  t o  

adequate ly  c h a r a c t e r i z e  t h e  haulage way inoise environment. Pre l iminary  

d a t a  from n o i s e  measurements taken i n  mines by Nat iona l  Bureau of Standards 

personnel  i n d i c a t e  t h a t  under some circu:mstances, e x t e r n a l  n o i s e  w i l l  be 

t h e  l i m i t i n g  f a c t o r  on performance. Therefore ,  i t  w i l l  b e  important  t o  

monitor and apply  t h e  r e s u l t s  of NBS'S n o i s e  measurement program i n  o rde r  

t o  determine when and how s e r i o u s l y  e x t e r n a l  n o i s e  may impede t h e  per-  

formance of c o a x i a l  c ab l e  communication systems. It w i l l  then be  p o s s i b l e  

t o  determine i f  a d i s t i n c t l y  optimum ope ra t i ng  frequency i s  i d e n t i f i a b l e  

from a p r a c t i c a l  s t andpo in t  w i t h i n  t h e  p r e s e n t l y  favored 10 kHz t o  100 kHz 

band o r  a t  h ighe r  f r equenc i e s  f o r  two-way base  s t a t i on - to -po r t ab l e  

* A s  mentioned i n  Table 4,  i n t r i n s i c  s a f e t y  and p r a c t i c a l  des ign  cons idera-  
t i o n s  may a l s o  p lay  impor tan t  r o l e s ,  p a r t i c u l a r l y  f o r  t h e  p o r t a b l e  u n i t s .  
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communications i n  haulage ways. On t h e  o the r  hand, a few b r i e f  ca lcula-  

t i o n s  have shown t h a t  a t  - no frequency i s  i t  poss ib l e  t o  ob ta in  por tab le-  

to-por tab le  communication v i a  conventional  coax ia l  cable  without r epea te r s  

o r  r a d i a t i n g  devices i n s e r t e d  i n  t h e  cable.  

I n  t h e  above work, t h e  e f f e c t  upon t h e  leaked f i e l d s  of t h e  char- 

a c t e r i s t i c s  of t h e  tunnels  and rock found i n  mines has been neglec ted .  

This approximation i s  probably reasonably v a l i d  i n  t h e  haulage way c lose  

t o  t h e  cable  i t s e l f  ( a t  a l a t e r a l  s epa ra t ion  of one t o  perhaps two meters ,  

f o r  example), but  should be inves t iga t ed  f u r t h e r .  On the  o t h e r  hand, 

t h e  approximation should be gross ly  inadequate f o r  p red ic t ing  l a t e r a l  

range down e n t r i e s  c ross ing  t h e  haulage way containing t h e  cable .  A s  

shown i n  P a r t  Four of t h i s  r e p o r t ,  r ad io  waves propagating down e n t r i e s  

without conductors w i l l  be severe ly  a t tenuated  by l o s s e s  i n  t h e  surrounding 

rock a t  f requencies  s u i t a b l e  f o r  t h e  conventional  leaky coax ia l  cables  

discussed i n  t h i s  P a r t  (Three) of t h e  r epor t .  

The t h e o r i e s  of leakage f i e l d s  used t o  de r ive  t h e  a t t a i n a b l e  cormnun- 

i c a t i o n  ranges i n  Table 4 contain o t h e r  assumptions and approximations 

which must of course be t e s t e d  experimental ly be fo re  t h e  conclusions 

drawn us ing  them can be regarded a s  f i rm.  For example, t h e  r e l a t i v e  

amplitudes of t h e  leakage f i e l d s  ca l cu la t ed  i n  t h e  reg ions  of v a l i d i t y  

of t h e  two d i f f e r e n t  models ( so l id  wa l l  and inf in i te ly-conduct ing  b r a i d  

s h i e l d  approximations) have t o  be v e r i f i e d  be fo re  d e f i n i t i v e  s ta tements  

concerning t h e  optimum opera t ing  frequency f o r  a leaky conventional 

coax ia l  cable  t ransmission system can be made. 

The app l i ca t ion  of t h e  b r a i d  s h i e l d  model t o  t h e  c a l c u l a t i o n  of 

leakage f i e l d s  from RG 5 8 / ~  cable  must a l s o  be viewed a s  s u b j e c t  t o  some 

unce r t a in ty .  It appears  t o  us  t h a t  t he  model a s  i t  s tands  may only give 

accura t e  r e s u l t s  when appl ied  t o  cables  with b r a i d  s h i e l d s  i n  which t h e  

ape r tu res  and s h i e l d  r a d i u s  a r e  s u b s t a n t i a l l y  l a r g e r  than i s  t h e  case  
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with  s tandard  RG 5 8 / ~  cable .  However, while  t h e  absolu te  va lues  

of t h e  leakage f i e l d  f o r  t h e  bra ided  s h i e l d  model a r e  sub jec t  t o  doubt,  

t h e  p red ic t ed  behavior  of t h i s  f e e l d  wi th  frequency, i . e . ,  a broad maximum 

between 10  and 20 MHz, i s  on more c e r t a i n  ground. 

Re la t ive ly  s t r a igh t fo rward  experiments a r e  requi red  t o  measure t h e  

magnetic f i e l d  s i g n a l  s t r e n g t h s  a s  funct ions  of frequency and d i s t ance  from 

long l eng ths  of conventional  coax ia l  cables  i n  a i r  and i n  mine haulage ways. 

Then curves such a s  those  shown i n  Figures 3  and 4  can be  v e r i f i e d  i n  terms 

of both shape and amplitude, o r  cor rec t i .ons  made t o  them and t h e  theory i f  

appropr ia te .  It would a l s o  be i n s t r u c t i v e  and worthwhile t o  r econc i l e  

and compare t h e  method of c a l c u l a t i o n  described i n  t h i s  r epor t  wi th  those  

followed by workers i n  o t h e r  coun t r i e s ,  notably France (1) , t h e  U.K. (2) , 
and Canada (3 ) ,  i n  t h e i r  i n v e s t i g a t i o n s  of r ad io  comunica t ion  i n  mines 

by means of coax ia l  cable .  

111. EUROPEAN WORK WITH LEAKY COAXIllL CABLE COMMUNICATION SYSTEMS 

Three major c l a s s e s  of coax ia l  cablle communication systems designed 

f o r  use  i n  mines have been repor ted  a s  b'eing i n  var ious  s t a g e s  of develop- 

ment i n  Europe. 

(1) 1 ~ 1 ~ x / ~ e l o g n e  system ( ~ e l g i u m )  employing r e g u l a r l y  spaced r a d i a t i n g  
devices  along conventional  R G - 8 / ~  coax ia l  cable  (4) . 

Much experimental  and t h e o r e t i c a l  i n v e s t i g a t i o n  of t h i s  system has  

been performed inc luding  t r i a l s  a t  t h e  Bruceton, Pa. Safe ty  Research mine 

of t h e  USBM. The optimum opera t iona l  frequency i s  be l ieved  t o  f a l l  i n  

t h e  range of 2-20 MHz. Prototype i n s t a l l a t i o n s  a r e  on o rde r  i n  Belgium, 

a t  a  p r i c e  of about $2500/km. Firm product ion s a l e s  p r i c e s  a r e  no t  

y e t  a v a i l a b l e .  The INIEX/Delogne scheme appears p o t e n t i a l l y  s u i t a b l e  f o r  
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application in U.S. mines, although several uncertainties regarding 

performance/cost trade-offs in typical U.S. mine environments still have 

to be resolved. These uncertainties are connected in particular with 

the restraint in U.S. mines of having to install the cable close to the 

rib with consequent increases in attenuation, in contrast to the more 

central location in an arched tunnel allowed in Europe, and with the 

influences on performance of dirt and water on the cable and radiative 

devices. 

(2 )  Coaxial cable with high surface transfer impedance -- 
specially designed "leaky" braid outer conductor (France). 

Theoretical investigations carried out at the University of Lille 

in France indicate that effective communication along several miles of 

mine haulage way may be achieved by use of a coaxial cable whose braid 

outer conductor is designed and fabricated for "optimum" leakage of 

radiation. Experimental investigations of this scheme in a French mine 

are planned to be carried out near the end of 1973. The optimum opera- 

tional frequency is believed to be between 5-10 MHz. 

Similar uncertainties exist with regard to the effects of dirt, 

water, and proximity to the walls of the tunnel on the performance of 

the proposed French scheme in U.S. mine environments, as were mentioned 

in the context of the Belgian cable system. 

(3) Conventional coaxial cable with repeaters (TJ .K. ) 

It has been reported that a conventional coaxial cable communication 

system incorporating repeaters is being tested experimentally in the 

U.K. Little information on the cost and performance of this system is 

yet available in the U.S. Additional uncertainties in the performance 

and cost evaluations of this system are introduced by questions associated 

with the reliability and maintainability of the repeaters that can real- 

istically be expected in a mine environment. 

111. 

Arthur D Little, Inc. 



B . Discussion 

Progress  achieved i n  Europe i n  t h e  development of t h e  coax ia l  cable  

communication systems mentioned above should be c a r e f u l l y  and con t inua l ly  

monitored and evalua ted .  I n  p a r t i c u l a r ,  cos t  e s t ima tes  and f u r t h e r  

opera t ing  performance d a t a  should be obtained.  

Nevertheless ,  European r e s u l t s ,  while  va luable  and t o  d a t e  

encouraging, cannot be d i r e c t l y  appl ied  t o  t h e  d i f f e r e n t  environment 

of U.S. mines. I n  p a r t i c u l a r  i t  appears impossible t o  i n s t a l l  commun- 

i c a t i o n  cables  i n  U.S. mines i n  t h e  loca t ions  recommended by European 

r e sea rche r s .  S p e c i f i c a l l y ,  cables  \ r i l l  have t o  be i n s t a l l e d  c l o s e  t o  

t h e  r i b s  o r  wa l l s  i n  U.S. mines. Accordingly d i f f e r e n t  a t t enua t ion  

r a t e s ,  and correspondingly d i f f e r e n t  optimum opera t ing  f requencies  o r  

t r a d e o f f s  between t h e  r a t e  of "leakaget1 of power and t o t a l  communica- 

t i o n  system l eng th  may p r e v a i l  than i n  t h e  European s i t u a t i o n .  

Experimental i n v e s t i g a t i o n s  i n  U.S. mines wi th  t h e  proposed European 

coax ia l  cable  systems a r e  requi red  be fo re  t h e i r  a p p l i c a b i l i t y  i n  t h i s  

country can be d e f i n i t i v e l y  confirmed o r  denied,  and i f  confirmed, 

o p e r a t i o n a l  s p e c i f i c a t i o n s  w r i t t e n  ( f o r  frequency, design of r a d i a t i v e  

s t r u c t u r e  o r  "leaky" o u t e r  conductor,  and s o  f o r t h ) .  
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