
PART FOUR 

THEORY OF WIRELESS PROPAGATION 
OF UHF RADIO W A W S  
IN COAL MINE TUNNELS 

Arthur D Little, Inc. 



PART FOUR 

THEORY OF WIRELESS PROPAGATION 
OF UHF RADIO WAVES 

I N  COAL MINE TUNNELS 

TABLE OF CONTENTS 

L i s t  of T a b l e s  

L i s t  of F i g u r e s  

INTRODUCTION 

I. RAY THEORY 

11. WAVE METHOD 

111. COMPARISON WITH EXPERIMENT 

I V .  DIFFUSE RADIATION CALCULATIONS 

A. ROUGHNESS EFFECTS 

B.  T I L T  EFFECTS 

C. COUPLING OF INDIVIDUAL MODES 

V. PROPAGATION AROUND A CORNER 

. EFFECT OF ANTENNA ORIENTATION 

V I I .  INSERTION LOSS 

V I I I .  OVERALL LOSS I N  A STRAIGHT TUNNEL, 

I X .  OVERALL LOSS ALONG A PATH WITH ONfE CORNER 

X. CONCLUSIONS 

X I  . REFERENCES 

APPENDIX A - RAY METHOD 

.APPENDIX B - WAIT, METHOD 

APPENDIX C - COUPLING OF E h  a n d  Ev MODES 

P a g e  

4.iv 

4.v 

4 . 1  

4 . 3  

4 . 4  

4 . 6  

4 . 1 0  

4 . 1 1  

4 . 1 2  

4 . 1 4  

4 . 1 6  

4 . 2 3  

4 . 2 4  

4 . 2 6  

4 . 2 9  

4 . 3 3  

4 . 3 4  

4 . 3 5  

4 . 3 7  

4 . 4 3  

Arthur D Little, Inc 



PART FOUR 

THEORY OF WIRELESS PROPAGATION 
OF UHF RADIO WAVES 

I N  COAL MINE TUNNELS 

TABLE OF CONTENTS 
( C o n t  h u e d ) )  

APPENDIX D - PROPAGATION AROUND A CORNER 

APPENDIX E - ANTENNA INSERTION LOSS BY CURRENT- 
DISTRIBUTION METHOD 

APPENDIX F - EXPECTED COMMUNICATION RANGE BETWEEN 
TWO ROVING MINERS 

4 .  iii 

P a g e  

4.49 

Arthur D Little, lnc  



PART FOUR. 

Table No. 

I 

THEORY OF WIRELESS PROPAGATION 
OF UHF RADIO hTAVES 

I N  COAL MINE TUNNELS 

LIST OF TABLIES 

T i t l e  

Diffuse Radiat ion Component i n  Main Tunnel 
and a t  Beginning of Cross Tunnel 

Exc i t a t ion  of Eh Mode i n  Clross Tunnel by 
Diffuse Component i n  Main Tunnel 

E f fec t  of Antenna Or ienta t ion  

I n s e r t i o n  Loss (Li) (For a Half-Wave Antenna) 

Calcula t ion  of Overal l  Loss f o r  Eh Mode wi th  
Two Half Wave Dipole Antennas 

Overal l  Loss Along a Path Including One 
Comer Eh Mode with Half Wave Dipole Antennas 

Ray Method Calcula t ions  (For Eh Mode) 

Loss Rates f o r  Various Modles 

Coupling Between Eh and Ey Modes 

Page 

Arthur I >  Little, Inc 



PART FOUR. 

THEORY OF WIRELES S PROPAGATION 
OF UHF RADIO WAVES 

I N  COAL MINE TUNNELS 

LIST OF FIGURES 

Figure  No. T i t l e  

1 Ref r ac t i on  Loss f o r  Eh and Ev Modes i n  
High Coal 

2 Ref rac t i on  Loss f o r  Eh Mode i n  Low Coal 

3 Resu l t an t  Propagat ion Loss f o r  Eh Mode i n  
High Coal (Ref rac t ion  , Wall Roughness and 
T i l t )  

4 Comer  Loss i n  High Coal - 415 MKz 

5 Corner Loss i n  High Coal - 1000 MHz 

6 T o t a l  Loss f o r  Various Dis tances  Along 
a S t r a i g h t  Tunnel 

7 O v e r a l l  Loss i n  a Stra ight :  Tunnel i n  High Coal 
( f o r  I s o t r o p i c  Antennas) - 415 MHz 

8 Ove ra l l  Loss i n  a Straight:  Tunnel i n  High Coal 
( f o r  I s o t r o p i c  Antennas) - 1000 MHz 

C 1  I n c i d e n t  and Ref lec ted  F i e l d s  Re l a t i ve  t o  a 
Rotated P o r t i o n  of t h e  Roof of  t h e  Tunnel 

D l  Geometry f o r  Coupling t o  Cross Tunnels 

F1 P r e d i c t e d  UHF Wireless Raciio Coverage 

Page 

Arthur I> L-ittle. Inc 



PART FOUR 

THEORY OF WIRELESS PROPAGATION 
OF UHF RADIO WAVES 

I N  COAL MINE TUNNELS 

INTRODUCTION 

This P a r t  is  concerned with the  t h e o r e t i c a l  s tudy of UHF rad io  

communication i n  coa l  mines, wi th  p a r t i c u l a r  re ference  t o  t h e  r a t e  of 

l o s s  of s i g n a l  s t r e n g t h  along a  tunnel ,  and from one tunnel  t o  another  

around a  corner .  Of prime i n t e r e s t  a r e  the  na tu re  of t h e  propagation 

mechanism and t h e  p red ic t ion  of t he  r ad io  frequency which propagates 

with t h e  sma l l e s t  l o s s .  Our t h e o r e t i c a l  r e s u l t s  a r e  compared wi th  

measurements made by Co l l in s  Radio Co. 

This work was conducted a s  p a r t  of t h e  P i t t sbu rgh  Mining and Safe ty  

Research Center ' s  i n v e s t i g a t i o n  of new ways t o  reach and extend two-way 

communications t o  t h e  key ind iv idua l s  t h a t  a r e  h ighly  mobile wi th in  t h e  

s e c t i o n s  and haulage ways of coa l  mines. 
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A t  f requenc ies  i n  t h e  range of 200-4,000 MHz t h e  rock and coa l  bound- 

i n g  a  c o a l  mine t unne l  a c t  as  r e l a t i v e l y  low l o s s  d i e l e c t r i c s  wi th  d i -  

e l e c t r i c  cons t an t s  i n  t h e  range 5-10. Under t he se  condi t ions  a  reason- 

a b l e  hypothes i s  is  t h a t  t ransmiss ion  takes  t h e  form of waveguide propa- 

g a t i o n  i n  a  t unne l ,  s i n c e  t h e  wavelengths of t h e  UHF waves a r e  sma l l e r  

than t h e  t unne l  dimensions.  An e lec t romagnet ic  wave t r a v e l i n g  along a  

r ec t angu la r  t unne l  i n  a  l o s s l e s s  d i e l e c t r i c  medium can propagate  i n  any 

one of a  number of allowed waveguide modes. A l l  of t h e s e  modes a r e  

" lossy  modes" owing t o  t h e  f a c t  t h a t  any p a r t  of t h e  wave t h a t  impinges 

on a  w a l l  of t h e  tunne l  is  p a r t i a l l y  r e f r a c t e d  i n t o  t he  surrounding d i -  

e l e c t r i c  and p a r t i a l l y  r e f l e c t e d  back i n t o  t h e  waveguide. The r e f r a c t e d  

p a r t  propagates  away from t h e  waveguide and r ep re sen t s  a  power l o s s .  

This  type of waveguide mode d i f f e r s  from t h e  l i gh t -p ipe  modes i n  g l a s s  

f i b e r s  i n  which t o t a l  i n t e r n a l  r e f l e c t i o n  occurs  a t  t h e  w a l l  of t h e  

f i b e r ,  wi th  zero power l o s s  i f  t he  f i b e r  and t h e  ma t r ix  i n  which i t  is  

embedded a r e  bo th  l o s s l e s s .  I t  is t o  be noted t h a t  t h e  a t t e n u a t i o n  r a t e s  

of t he  waveguide modes s t u d i e d  i n  t h i s  paper depend almost e n t i r e l y  on 

r e f r a c t i o n  l o s s ,  both f o r  t he  dominant mode and h ighe r  modes e x c i t e d  by 

s c a t t e r i n g ,  r a t h e r  than  on ohmic l o s s .  The e f f e c t  of ohmic l o s s  due t o  

t h e  sma l l  conduct iv i ty  of t h e  surrounding m a t e r i a l  i s  found t o  b e  n e g l i g i -  

b l e  a t  t h e  f requenc ies  of i n t e r e s t  h e r e ,  and w i l l  no t  b e  f u r t h e r  d i scussed .  

The s tudy  r epo r t ed  h e r e  is  concerned wi th  tunne ls  of r ec t angu la r  

c ross -sec t ion  and t h e  theory inc ludes  t h e  ca se  where t h e  d i e l e c t r i c  con- 

s t a n t  of t h e  m a t e r i a l  on t h e  s i d e  wa l l s  of t h e  t unne l  i s  d i f f e r e n t  from 

t h a t  on top and bottom w a l l s .  The work extends t h e  e a r l i e r  t h e o r e t i c a l  

work by M a r c a t i l i  and ~ c h t n e l t z e r ' l )  and by Glaser (2)  which app l i e s  t o  

waveguides of c i r c u l a r  and p a r a l l e l - p l a t e  geometry i n  a  medium of uniform 

d i e l e c t r i c  cons t an t .  
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I. RAP THEORY - 

The allowed modes i n  a  r e c t a n g u l a r  t unne l  i n  a  d i e l e c t r i c  can b e  

determined approximately e i t h e r  by a  ray  theory o r  a  wave theory  approach. 

I n  t h e  ray  method we cons ider  a  ray  of t h e  r a d i a t i o n  which bounces from 

w a l l  t o  w a l l  of t h e  t unne l  making a  g raz ing  angle  $. with t h e  s i d e  w a l l s  

and $ 2  with  t h e  f l o o r  and roo f .  The propaga t ion  modes wi th  t h e  lowest  

a t t e n u a t i o n  r a t e s  a r e  t h e  two ( 1 ,  1 )  modes which have t h e  e l e c t r i c  f i e l d ,  

E ,  p o l a r i z e d  predominantly i n  t h e  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s ,  

r e s p e c t i v e l y .  These two modes, which we w i l l  r e f e r  t o  a s  t h e  Eh and Ev 

modes, a r e  bo th  def ined  i n  t h e  r ay  p i c t u r e  by t he  phase r e l a t i o n s  

X L  s i n $  = - 
2  

2d2 
(2) 

where X i s  t h e  f r e e  space  wavelength of t h e  r a d i a t i o n  and d  d  a r e  1' 2  
t h e  h o r i z o n t a l  and v e r t i c a l  dimensions of t h e  t unne l .  Equations (1) 

and (2) a r e  t h e  cond i t i ons  t h a t  t h e  phase s h i f t  undergone by t h e  ray 

is  e x a c t l y  360' a f t e r  succes s ive  r e f l e c t i o n s  from t h e  two s i d e  w a l l s  o r  

from t h e  f l o o r  and r o o f .  

For f requenc ies  around 1,000 MHz, ;\ i s  s m a l l  compared wi th  dl and 

d2. 
Therefore  we can u se  t h e  approximate r e l a t i o n s  

I 

L 

The numbers of r e f l e c t i o n s  N1 and N exper ienced by a  ray  a t  t h e  v e r t i c a l  2 
and h o r i z o n t a l  w a l l s  of t h e  t u n n e l ,  wh i l e  t r a v e l i n g  a  d i s t a n c e  z  a long 

t h e  t unne l ,  a r e  given by ~ $ 7  

L 
The a t t e n u a t i o n  f a c t o r  f o r  t h e  r ay  i n t e n s i t y  f o r  t h i s  d i s t a n c e  is  

where R1 and R a r e  t h e  power r e f l e c t a n c e s  of t h e  v e r t i c a l  and h o r i z o n t a l  
2  

s u r f a c e s  a t  t h e  graz ing  angles  and Q2 , r e s p e c t i v e l y .  

* References  t o  F igu re s ,  Tables  and Equations apply  t o  t hose  i n  t h i s  
P a r t  u n l e s s  o therwise  no ted .  

4 .3  
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On combining equa t ions  (3)-(7) we f i n d  f o r  t h e  l o s s  L i n  d e c i b e l s  

I n  u s ing  t h i s  formula t o  c a l c u l a t e  t h e  l o s s  r a t e  one must c a l c u l a t e  R 
1 

and R2 by means of t h e  s tandard  F r e s n e l  r e f l e c t i o n  formulas f o r  t h e  

ang l e s  and + 2 ,  and t h e  corresponding d i e l e c t r i c  cons t an t s  K1 and K2.  

The r e s u l t  i s  d i f f e r e n t  f o r  t h e  E and E modes because t h e  F re sne l  
h v 

formulas a r e  d i f f e r e n t  f o r  t h e  two p o l a r i z a t i o n s .  Appendix A g ives  t h e  

F re sne l  formulas and ray-method c a l c u l a t i o n s  f o r  t h e  E mode. h 

I I. WAVE METHOD 

I n  t h e  wave method we o b t a i n  an approximate s o l u t i o n  of Maxwell's 

equa t ions  f o r  l o s s y  modes i n  a r e c t a n g u l a r  waveguide w i th  d i e l e c t r i c  

w a l l s .  We use Ca r t e s i an  coo rd ina t e s  w i th  o r i g i n  a t  t h e  c e n t e r  of t h e  

t u n n e l  c ro s s - s ec t i on ,  t h e  z-axis a long  t h e  t unne l  a x i s ,  t h e  x-axis 

h o r i z o n t a l ,  and t h e  y-axis v e r t i c a l .  I n  t h e  case  of t h e  E mode t h e  
h 

main f i e l d  components of t h e  mode a r e  given approximately by 

-ik3z 
E = E  cos  k x  c o s k y  e 

X 0 1 2 

where t h e  symbols have t h e i r  customary meaning and 

I n  a d d i t i o n  t o  t h e s e  t r a n s v e r s e  f i e l d  components t h e r e  a r e  sma l l  longi -  

t u d i n a l  components EZ and H and a sma l l  t r a n s v e r s e  component H . 
2 X 
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The s imple s o l u t i o n  given by (9)  and ( l o ) ,  a long wi th  t h e  smal l  

l o n g i t u d i n a l  and t r a n s v e r s e  components, does no t  a l low t h e  boundary 

cond i t i ons  of c o n t i n u i t y  of t h e  t a n g e n t i a l  components of E and H t o  be 

a c c u r a t e l y  s a t i s f i e d  over t h e  whole su~eface  of t h e  waveguide. An 

approximation t o  t h e  boundary cond i t i ons  g ives  va lues  f o r  k and k2 1 
a s  fo l lows:  

where K1 and K2 a r e  t h e  d i e l e c t r i c  cons t an t s  of t h e  s idewa l l s  and of t h e  

f l o o r  and r o o f ,  r e s p e c t i v e l y .  

From (11)-(13) we o b t a i n  t h e  imaginary p a r t  of t h e  wave number z- 

component k and from i t  t h e  power l o s s  over  a  d i s t a n c e  z .  The r e s u l t  
3 

i n  d e c i b e l s  i s  

I n  l i k e  manner t h e  l o s s  f o r  t h e  E;, mode i s  found t o  be 
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These r e s u l t s  show t h a t  t h e  l o s s  r a t e  i nc reases  w i th  t h e  square  of 

t h e  wavelength and decreases  w i th  t h e  cube of t h e  l i n e a r  dimensions of 

t h e  tunne l .  Losses c a l c u l a t e d  by (14) and (15) agree  c l o s e l y  w i th  t hose  

c a l c u l a t e d  by t h e  ray  l o s s  formula (8). Since (14) and (15) do no t  

r e q u i r e  eva lua t ion  of t h e  F re sne l  r e f l e c t a n c e s  R 1  and R2,  they  a r e  con- 

s i d e r a b l y  s impler  t o  use .  D e t a i l s  of t h e  wave theory ,  inc lud ing  l o s s  

c a l c u l a t i o n s  f o r  h igher  modes, a r e  given i n  Appendix B. 

I COMPARISON WITH EXPERIMENT 

Figure 1 shows l o s s  r a t e s  i n  d ~ / 1 0 0  f t .  a s  func t ions  of frequency 

c a l c u l a t e d  by equa t ions  (14) and (15) f o r  t h e  % and E modes i n  a  
v  

t unne l  of width 14 f t .  and h e i g h t ,  7 f t . ,  r e p r e s e n t a t i v e  of a  haulage way 

i n  a  seam of high c o a l ,  f o r  K = K2 = 10 ,  corresponding t o  c o a l  on 
1 

a l l  t h e  w a l l s  of t h e  t unne l .  It is seen  t h a t  t h e  l o s s  r a t e  i s  much 

g r e a t e r  f o r  t h e  E mode. F igure  2  shows t h e  c a l c u l a t e d  E  l o s s  r a t e  f o r  
v  h  

a  t unne l  of h a l f  t h e  h e i g h t .  The h ighe r  l o s s  r a t e  i s  due t o  t h e  e f f e c t  

of t h e  d23 term i n  equa t ion  (14) .  

Two experimental  va lues  ob ta ined  by Co l l i n s  Radio Co. (3) f o r  ho r i -  

zonta l -hor izonta l  antenna o r i e n t a t i o n s  a r e  a l s o  shown i n  F igure  1. These 

va lues  ag ree  w e l l  wi th  theory f o r  t h e  % mode f o r  415 MHz, b u t  no t  s o  

w e l l  a t  1,000 MHz. The depa r tu re  sugges ts  t h a t  some a d d i t i o n a l  l o s s  

mechanism s e t s  i n  a t  h ighe r  f r equenc i e s .  

It  is  a l s o  t o  be  noted t h a t  t h e  experimental  va lues  of t h e  l o s s  r a t e s  

f o r  a l l  t h r e e  o r i e n t a t i o n  arrangements of t h e  t r a n s m i t t i n g  and r ece iv ing  

d ipo l e  an tennas ,  namely, ho r i zon ta l -ho r i zon ta l ,  v e r t i c a l - h o r i z o n t a l ,  and 

v e r t i c a l - v e r t i c a l ,  a r e  s u r p r i s i n g l y  c l o s e  t o  each o t h e r .  The independence 

of l o s s  r a t e  w i th  r e s p e c t  t o  p o l a r i z a t i o n  is  no t  p r ed i c t ed  by t h e  theory 

d i scussed  s o  f a r ,  a s  s een  i n  F igure  1 f o r  t h e  % and E modes. Indeed 
v  

t h e  theory p r e d i c t s  no t ransmiss ion  a t  a l l  f o r  t h e  VJ3 antenna arrangement. 

Arthur D Little, Inc. 



FIGURE 1 

REFRACTION LOSS FOR Eh A N D  E,MODES 
I N  HIGH COAL 
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FIGURE 2 

REFRACTION LOSS FOR Eh MODE IN  LOW COAL 

Loss in dB 
per 100 Feet 
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To exp la in  bo th  t h e  h ighe r  observed l o s s  r a t e  a t  t h e  h ighe r  f r e -  

quenc ies ,  r e l a t i v e  t o  t h e  c a l c u l a t e d  Eh mode v a l u e s ,  and t h e  independence 

of t h e  l o s s  r a t e  on antenna o r i e n t a t i o n ,  w e  p o s t u l a t e  t h a t  roughness and 

v a r i a b l e  tilt of t h e  f o u r  t unne l  w a l l s  combine t o  cause s c a t t e r i n g  of t h e  

dominant # mode. The s c a t t e r e d  r a d i a t i o n  goes i n t o  many h ighe r  modes 

and can b e  regarded a s  a  d i f f u s e  comp0nen.t t h a t  accompanies t h e  # mode. 

The d i f f u s e  component i s  i n  dynamical equ i l i b r ium wi th  t h e  # mode i n  

t h e  s ense  t h a t  i t s  r a t e  of  genera t ion  by t h e  # mode i s  balanced by i t s  

r a t e  of l o s s  by r e f r a c t i o n  i n t o  t h e  surrounding d i e l e c t r i c .  S ince  t h e  

d i f f u s e  component c o n s i s t s  of h ighe r  waveguide modes f o r  which t h e  r e f r a c -  

t i v e  l o s s  r a t e  is  much h ighe r  than  f o r  t h e  fundamental # mode, t h e  

dynamical ba lance  p o i n t  is  such t h a t  t h e  l e v e l  of t h e  d i f f u s e  component 

is many dB below t h a t  of t h e  E mode a t  any p o i n t  i n  t h e  tunne l .  
h  

The s c a t t e r i n g  l o s s  from t h e  # mode i n t o  t h e  d i f f u s e  component begins  

t o  i n c r e a s e  r a p i d l y  when t h e  wavelength is  s o  s h o r t  t h a t  t h e  mode graz ing  

angles  $1 and $ 2 ,  def ined  e a r l i e r ,  become comparable w i th  t h e  r o o t  mean 

squa re  tilt of t h e  w a l l s  of t h e  t unne l .  This  accounts  f o r  t h e  h i g h e r  

experimental  l o s s  a t  1,000 MHz than  t h a t  p r e d i c t e d  f o r  t h e  # mode by 

t h e  theory  f o r  a  p e r f e c t  d i e l e c t r i c  waveguide shown i n  F igure  1. 

The d i f f u s e  r a d i a t i o n  component a l s o  accounts f o r  t h e  observed in -  

dependence of l o s s  r a t e  on antenna o r i e n t a t i o n .  The argument h e r e  is  t h a t ,  

i r r e s p e c t i v e  of whether tAe t r a n s m i t t i n g  antenna is  o r i e n t e d  h o r i z o n t a l l y  

o r  v e r t i c a l l y ,  a t  a  s u f f i c i e n t  d i s t a n c e  down the  t unne l  t h e  r a d i a t i o n  

u l t i m a t e l y  settles down i n t o  t h e  dominant E component and a  weaker 
h  

d i f f u s e  component. I f  t h e  t r a n s m i t t i n g  antenna is  o r i e n t e d  v e r t i c a l l y  

i t  i n i t i a l l y  e x c i t e s  t h e  $ mode which d i e s  ou t  r e l a t i v e l y  r a p i d l y  by 

r e f r a c t i v e  l o s s  and s c a t t e r i n g  i n t o  t h e  u ~ l p o l a r i z e d  d i f f u s e  component. 

The d i f f u s e  component i n  t u r n  couples  t o  t he  Eh mode which, owing t o  

i t s  much lower l o s s  r a t e  f i n a l l y  becomes dominant. When dynamical 
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equ i l i b r ium i s  reached t h e  d i f f u s e  component remains a t  a f i x e d  number 

of dB below t h e  % mode. Therefore  a  v e r t i c a l l y  o r i en t ed  r ece iv ing  

antenna c a r r i e d  down t h e  tunne l  measures the  l o s s  r a t e  of the Eh mode. 

A h o r i z o n t a l  r ece iv ing  antenna measures t h e  E mode d i r e c t l y  and t h e  
h  

l o s s  r a t e  is  t h e  same a s  be fo re  although the  i n s e r t i o n  l o s s  of t h e  

antenna is  cons iderab ly  l e s s .  

Experiments by Co l l i n s  Radio Co. on t h e  s i g n a l  s t r e n g t h  t r ansmi t t ed  

around a  corner  i n t o  a  c ros s  tunne l  g ive  f u r t h e r  convincing proof of the  

d i f f u s e  component hypothes i s .  They found t h a t  a  l a r g e  l o s s  occurred 

when t h e  r ece iv ing  antenna was moved around t h e  corner ,  b u t  t h a t  t h e  

rece ived  s i g n a l  s t r e n g t h  was then independent of antenna o r i e n t a t i o n .  

This i s  exac t ly  what one would expect  from t h e  d i f f u s e  r a d i a t i o n  hypo- 

t h e s i s  s i n c e  t h e  w e l l  co l l imated  Eh mode i n  t h e  main t unne l  couples 

very weakly i n t o  t h e  c ross  t unne l ,  whereas t h e  uncol l imated d i f f u s e  com- 

ponent couples f a i r l y  e f f i c i e n t l y .  Since t h e  d i f f u s e  r a d i a t i o n  i s  l i k e l y  

t o  be  l a r g e l y  unpolar ized t h e  observed independence of s i g n a l  s t r e n g t h  

on antenna o r i e n t a t i o n  is understandable  . 

Another observa t ion  by Co l l i n s  Radio is t h a t  t h e  i n i t i a l  a t t e n u a t i o n  

r a t e  on e n t e r i n g  t h e  c ross  tunne l  is  much h ighe r  than the  r a t e  i n  t he  

main t unne l .  This is  a l s o  i n  accord wi th  t he  d i f f u s e  r a d i a t i o n  component 

which has  a  much l a r g e r  l o s s  r a t e  than t h e  % mode owing t o  i t s  s t e e p e r  

angles  of inc idence  on t h e  t unne l  w a l l s .  

I V .  DIFFUSE RADIATION CALCULATIONS 

We d i scus s  two d i f f e r e n t  mechanisms by which d i f f u s e  r a d i a t i o n  is  

generated by s c a t t e r i n g  ou t  of t h e  dominant Eh mode. The f i r s t  of t he se  

i s  roughness of t h e  w a l l s  of t h e  t unne l  which i s  h e r e  regarded a s  v a r i -  

a t i o n s  i n  l o c a l  s u r f a c e  l e v e l  r e l a t i v e  t o  t h e  mean s u r f a c e  l e v e l .  The 

second is  long range t i l t  of t h e  t unne l  w a l l s  r e l a t i v e  t o  t h e  mean planes 

which de f ine  t h e  dimensions d  and d  of t he  t unne l .  
1 2 
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A.  Roughness Ef fec t s  

When a  p a r a l l e l  beam of r a d i a t i o n  of i n t e n s i t y  I s t r i k e s  a rough 
0 

s u r f a c e  a t  normal incidence the  r e f l e c t e d  r a d i a t i o n  cons i s t s  of a  par- 

a l l e l  beam of reduced i n t e n s i t y  I together  with a  d i f f u s e  component. 

I f  t h e  s u r f a c e  i s  a  p e r f e c t  r e f l e c t o r  

where X is  the  wavelength and h  is t h e  r o o t  mean square roughness. 

For incidence a t  a  grazing angle $ one may assume t h a t  t h e  e f f e c t i v e  

roughness is  now h  s i n $ ,  so  t h e  l o s s  f a c t o r  becomes ( 4 )  

I n  t h e  case of t h e  dominant mode i n  a  d i e l e c t r i c  waveguide we can from 

equat ions (1) and (2) w r i t e  f o r  t he  roughness l o s s  f a c t o r s  per  r e f l e c t i o n  

f o r  t he  v e r t i c a l  and h o r i z o n t a l  wa l l s :  

The l o s s  f a c t o r  f o r  a  d i s t ance  z is t h e r e f o r e ,  from equat ions (3)-(6) 
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The l o s s  i n  dB is  then 

B .  T i l t  E f f e c t s  

The e f f e c t  of w a l l  t i l t  can b e  es t imated  a s  fo l lows .  Suppose t h a t  

a  ray  of t h e  E mode encounters  a  p o r t i o n  of a  s i d e  w a l l  t h a t  i s  t i l t e d  h  
through a  sma l l  angle  8 about a  v e r t i c a l  a x i s .  Then t h e  r e f l e c t e d  

beam is  r o t a t e d  through an angle  28. This  means t h a t  t h e  e l e c t r i c  

f i e l d  i s  changed from 

The power coupl ing f a c t o r  g  of t h e  d i s tu rbed  f i e l d  (23) back i n t o  
1 

t h e  mode (22) is  given by 

4.12 ..- 
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where t h e  i n t e g r a t i o n s  a r e  over  t h e  c ross -sec t ion  of t h e  tunne l .  The 

b a r  over  E ' i n d i c a t e s  complex conjuga te .  Since 8 i s  sma l l  we can re-  
X 

p l a c e  cos20 by 1 and s i n 2 8  by 2 8  . Then (24) becomes 

In s t ead  of us ing  t h e  a c t u a l  func t ion  cosk x cosk y  f o r  F, we f i n d  i t  1 2 
more convenient t o  use  an equ iva l en t  Gaussian func t ion  

and i n t e g r a t e  over  i n f i n i t e  l i m i t s .  The r e s u l t  i s  

2 
Next we assume t h a t  F  f a l l s  t o  l / e  a t  t h e  p o i n t  x = d, /2 ,  y  = o ,  which 

1 

is a t  t h e  s u r f  ace  of t h e  waveguide. Then a2 = 112 dl2 and 

Likewise,  t i l t i n g  of  t h e  f l o o r  o r  roof g ives  a  coupl ing f a c t o r  

Arthur D Little, Inc. 



The l o s s  f a c t o r  f o r  a  d i s t a n c e  z is 

where we have r ep l aced  k3 by Lo. 

The l o s s  i n  dB i s  t h e r e f o r e  

On comparing equa t i on  (21) w i th  equa t i on  (31) w e  s e e  t h a t  whereas 

t h e  roughness l o s s  depends s t r o n g l y  on t h e  waveguide dimensions t h e  

tilt l o s s  i s  independent  of them. Another impor tan t  d i f f e r e n c e  i s  t h a t  

t h e  roughness i n c r e a s e s  w i t h  wavelength wh i l e  t h e  t i l t  l o s s  dec r ea se s .  

F igure  3 shows t h e  e f f e c t  on t h e  Eh mode propaga t ion  of adding 

t h e  l o s s  r a t e s  due t o  roughness and t i l t  t o  t h e  r e f r a c t i o n  l o s s  g iven  

i n  F igure  1. The curves  a r e  c a l c u l a t e d  f o r  a  r o o t  mean squa re  roughness 

of 4  inches  and f o r  v a r i o u s  assumed va lue s  of t h e  r o o t  mean squa re  t i l t  

ang l e  8. It i s  seen  t h a t  a v a l u e  8 = lo g ives  good agreement w i th  t h e  

exper imenta l  va lue s  measured by C o l l i n s  Radio Co. The e f f e c t  of t i l t  

i s  much g r e a t e r  t han  t h a t  of roughness.  

The r e s u l t s  i n d i c a t e  t h a t  f o r  a  1 4  f t .  x 7 f t .  t u n n e l  i n  a  medium 

of d i e l e c t r i c  cons t an t  10 t h e  optimum frequency i s  about  1 ,000 MHz. 

C .  Coupling of I n d i v i d u a l  Modes 

The d i f f u s e  r a d i a t i o n  method i s  a  convenient  f i r s t  approximat ion t o  

t h e  s o l u t i o n  of t h e  d i f f i c u l t  problem of  t h e  mutual  i n t e r a c t i o n s  of a l l  

t h e  a l lowed waveguide modes caused by i r r e g u l a r i t i e s  of t h e  waveguide 

w a l l s .  A s  a  f i r s t  s t e p  i n  t h i s  i n t e r a c t i o n  problem w e  have cons idered  

t h e  coupl ing  between t h e  ( 1 , l )  Eh and Ev modes due t o  l o n g i t u d i n a l  r i d g e s  

on t h e  roof  of t h e  t u n n e l .  The r e s u l t s  of t h e  c a l c u l a t i o n  are g iven  i n  

Appendix C .  
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V .  PROPAGATION AROUND A CORNER 

A s  mentioned e a r l i e r ,  s i g n a l  propagat ion from a main t unne l  around 

a  corner  i n t o  a  c ros s  t unne l  a r i s e s  from t h e  d i f f u s e  component t h a t  

accompanies t h e  E mode wave i n  t h e  main t unne l .  The i n t e n s i t y  I of 
h  d  

t h i s  d i f f u s e  component i n  t h e  main tunne l  r e l a t i v e  t o  t h e  i n t e n s i t y  I 
h 

of t h e  E mode i s  given by t h e  r e l a t i o n  h 

where Lhd is t h e  l o s s  r a t e  from t h e  Eh mode i n t o  t h e  d i f f u s e  component 

and Ld is t h e  l o s s  r a t e  of t h e  d i f f u s e  component by r e f r a c t i o n .  

To c a l c u l a t e  Ld approximately,  w e  t ake  t h e  l o s s  r a t e  t o  be t h a t  of 

an "average" ray  of t h e  d i f f u s e  component having d i r e c t i o n  cos ines  

( 1 3  1 , 1 3 ) .  Then 

where R i s  t h e  F r e s n e l  r e f l e c t a n c e  of t h e  average ray  a t  t h e  w a l l s  of t h e  

t unne l .  R is 0.28 f o r  t h e  case  K = K2 = 10.  Then f o r d  = 1 4  f t . ,  - 
1 1 d2 - 

7 f t . ,  z = 100 f t . ,  we f i n d  t h a t  L = 119 dB1100 f t .  This va lue  has  
d  

t o  be  co r r ec t ed  f o r  t h e  l o s s  of d i f f u s e  r a d i a t i o n  i n t o  c ros s  tunne ls  

which we assume have t h e  same dimensions a s  t h e  main tunne l  and occur 

every 75 f t . From r e l a t i v e  a r e a  cons ide ra t i ons  w e  f i n d  t h a t  t h i s  l o s s  is  

2 dB1100 f t .  The co r r ec t ed  va lue  is  t h e r e f o r e  

which is  independent of f requency.  

4.16 
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The l o s s  r a t e  Lhd i s  shown i n  Table I a s  a  func t ion  of frequency 

f o r  t h e  14  f t .  x  7 f t .  tunne l .  The va lues  a r e  t h e  sum of  t h e  roughness 

and tilt l o s s e s  c a l c u l a t e d  by equa t ions  (21) and (31) f o r  a  roughness of 

4  inch  r m s  and t i l t  of lo rms. The r a t i o  Id,main l1h, main 
, c a l c u l a t e d  

by equa t ion  (32) and expressed i n  dB, is a l s o  shown. It is  seen  t h a t  

t h e  d i f f u s e  component is  l a r g e r  a t  t h e  h ighe r  f r equenc i e s .  The reason 

is  t h a t  s c a t t e r i n g  ou t  of t h e  Eh mode due t o  t i l t  inc reases  w i th  f r e -  

quency . 

From s o l i d  angle  cons ide ra t i ons  (see Appendix D) one f i n d s  t h a t  t he  

f r a c t i o n  of d i f f u s e  r a d i a t i o n  i n  t h e  main t unne l  t h a t  e n t e r s  t h e  14 f t .  x  

7 f t .  a p e r t u r e  of t h e  c r o s s  t unne l  is  0.15 o r  -8.2 dB. The d i f f u s e  l e v e l  

j u s t  i n s i d e  t h e  a p e r t u r e  of t h e  c ros s  t unne l ,  r e l a t i v e  t o  t h e  Eh wave 

i n  t he  main t unne l  is  shown i n  t h e  l a s t  column of Table  I ,  which is 

obtained by s u b t r a c t i n g  8.2 dB from t h e  numbers i n  column 4. A d ipo l e  

antenna placed a t  t h i s  p o i n t  and o r i e n t e d  e i t h e r  h o r i z o n t a l l y  o r  v e r t i -  

c a l l y  responds t o  h a l f  of t h e  d i f f u s e  component o r  3  dB l e s s  than t h e  

f i g u r e s  i n  column 5 .  A t  1,000 MHz, f o r  example, t h e  s i g n a l  rece ived  by 

an antenna a t  t h i s  p o i n t  is  -30.2 dB r e l a t i v e  t o  t h a t  rece ived  i n  t h e  

main t unne l  wi th  t h e  antenna o r i e n t e d  h o r i z o n t a l l y .  A t  415 MHz t h e  

corresponding number is  -31.8 dB. These va lues  ag ree  moderately w e l l  

w i th  t h e  measurements of Co l l i n s  Radio Co. 

The d i f f u s e  r a d i a t i o n  t h a t  e n t e r s  t h e  c ros s  t unne l  decays a t  a  

r a t e  of 121  dB/100 f t . ,  according t o  t h e  r a t h e r  crude "average" ray  

approximation. This  means t h a t  a t  100 f t .  down t h e  c ros s  t unne l  t h e  

s i g n a l  l e v e l  a t  1,000 MHz should be  -151 dB. However, t h e  l e v e l  measured 

by C o l l i n s  Radio is about -68dB. W e  a t t r i b u t e  t h i s  l a r g e  d i f f e r e n c e  t o  

t h e  f a c t  t h a t  t h e  d i f f u s e  component i n  t h e  main t unne l  e x c i t e s  t h e  

mode i n  t h e  c ros s  t unne l ,  and t h a t  t h i s  mode t r a v e l s  down t h e  c ros s  

t unne l  w i th  much l e s s  a t t e n u a t i o n  than  t h e  d i f f u s e  component. 

To c a l c u l a t e  t h e  coupl ing of t h e  d i f f u s e  component i n  t h e  main 

t unne l  i n t o  t h e  Eh mode i n  t h e  c ros s  t unne l ,  w e  determine t h e  f r a c t i o n  
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TABLE l 

DIFFUSE RADIATION COMPONENT IN  MAIN TUNNEL 
AND AT BEGINNING OF CROSS TUNNEL 

f h Lhd Id, main Id, cross 
' E n  ' h 3  

(MHz) (F t . )  (dB/IOO f t . )  (dB) (dB) 
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( Ih ,  cross)  I ( I d ,  main ) of d i f f u s e  r ad ia t ion  leaving t h e  e x i t  ape r tu re  of t h e  
main tunnel  which l i e s  wi th in  the  s o l i d  angle of acceptance of the  % 
mode i n  t h e  cross tunnel .  The r e s u l t  ( see  Appendix D) i s  

This r a t i o  is given i n  dB i n  Table 11. 

The % l e v e l  i n  the  cross  tunnel  r e l a t i v e  t o  the  E l e v e l  i n  the h 
main tunnel  i s  found by adding column 2 i n  Table I1 and column 4 i n  

Table I. The r e s u l t  is  shown a s  ( I   cross/^^, main) i n  Table 11. 
h'  0 

A t  100 f t .  down t h e  cross  tunnel  we f i n d  the  corresponding r a t i o  by 

adding t h e  l o s s  r a t e  given i n  Figure 3 f o r  a tilt of lo. The r e s u l t  

is shown i n  t h e  l a s t  column of Table 11. The value of -70.1 dB a t  

1,000 MHz agrees very w e l l  with t h e  measured value of -68 dB. 

Our model of the  propagation around a corner i n t o  a c ross  tunnel  

the re fo re  cons i s t s  of a r e l a t i v e l y  s t rong  d i f f u s e  component a t  t h e  

beginning of t h e  cross  tunnel  a t  a l e v e l  of around -20 t o  -30 dB togeth- 

e r  with a much weaker $n mode a t  a l e v e l  of -50 t o  -80 dB, depending 

on frequency. These two components propagate down the  cross  tunnel 

with a very high l o s s  r a t e  of around 120 db/100 f t  . f o r  the  d i f f u s e  

component, and a very low l o s s  r a t e  f o r  the  Eh component. Therefore 

the  Eh component overtakes the  d i f f u s e  component a t  about 100 f t .  down 

the tunnel ,  while  t h e  r a d i a t i o n  changes i t s  charac ter  from almost com- 

p l e t e l y  unpolarized t o  very highly polar ized .  This desc r ip t ion  of the  

propagation is  i n  good genera l  agreement with measurement, a s  shown i n  

Figures 4 and 5.  
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TABLE ll  

EXCITATION OF Eh MODE IN CROSS TUNNEL 
BY DIFFUSE COMPONENT IN MAIN TUNNEL 

f lh, cross lh, cross Ih, cross 

(MHz) "3 ( d ~ )  (lhz)o (~~i;;iJ1oo~ 
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V I .  EFFECT OF ANTENNA ORIENTATION 

We now r e t u r n  t o  the  e f f e c t  on s i g n a l  l o s s  of the  o r i e n t a t i o n s  of 

the  t ransmi t t ing  and rece iv ing  antennas. I n  the  case of i d e n t i c a l  an- 

tennas the  p r i n c i p l e  of r ec ip roc i ty  s t a t e s  t h a t  the  VH and HV los ses  

a r e  equal ,  where the  f i r s t  and second l e t t e r s  s i g n i f y  the  o r i e n t a t i o n  of 

the  t ransmi t t ing  and rece iv ing  antennas , respect ive ly .  We w i l l  assume 

t h a t  the  a c t u a l  antennas a r e  s o  smal l  compared with t h e  dimensions of 

the  tunnel  t h a t  i n t e r a c t i o n s  with the  tunnel  a r e  n e g l i g i b l e  and there-  

f o r e  r ec ip roc i ty  is  s t i l l  v a l i d .  

We a l s o  invoke the  p r i n c i p l e  t h a t  a t  g rea t  d is tances  down the  tun- 

n e l  the  r a d i a t i o n  cons i s t s  of the  Eh mode together  with a  r e l a t e d  d i f f u s e  

component, f o r  e i t h e r  o r i e n t a t i o n  of the  t ransmi t t ing  antenna. 

From these  two p r inc ip le s  i t  follows t h a t  the  HV o r  VH l o s s  i n  dB 

i s  ha l f  way between HH and W l o s s e s ,  o r  t h a t  

Now we ob ta in  the  r e l a t i v e  l o s s  HV-HH by sub t rac t ing  3  dB from 

column 4 of Table I. The r e s u l t s  a r e  shown i n  Table I11 along with 

W-HH ca lcu la t ed  from ( 3 6 ) .  The l a s t  column i n  the  Table gives average 

experimental values of W-HH determined by Col l ins  Radio Co. Since 

no d a t a  were obtained by Col l ins  f o r  a  ho r i zon ta l  t ransmi t t ing  antenna 

a t  200 MHz, we have doubled t h e i r  reported value of -25 dB f o r  W-VH a t  

t h i s  frequency. 

Comparison of theory and experiment i n  Table I11 ind ica te s  t h a t  the  

average value of W-HH is  predic ted  q u i t e  w e l l  by the  theory but  the  

v a r i a t i o n  with frequency is not w e l l  predic ted .  The discrepancy may re- 

s u l t  from f a i l u r e  of the  r ec ip roc i ty  p r i n c i p l e  owing t o  the  f a c t  t h a t  

a  ~ / 4  groundplane t r ansmi t t ing  antenna was used whereas the  rece iv ing  

Arthur D Little,Inc. 



TABLE I l l  
EFFECT OF ANTENNA ORIENTATION 

antenna was a s t anda rd  d i p o l e  antenna of t he  type normally used f o r  f i e l d  

s t r e n g t h  measurements. However, t h e  d a t a  f o r  415 MHz agree  w e l l  with t h e  

theory s i n c e  VH appears  t o  be  about halfway between HH and W over  a con- 

s i d e r a b l e  d i s t a n c e  down t h e  tunne l .  

V I I .  INSERTION LOSS 

Dipole o r  whip antennas a r e  t he  most convenient f o r  p o r t a b l e  r a d i o  

communications between i n d i v i d u a l s .  However, a cons iderab le  l o s s  of s i g -  

n a l  power occurs  a t  both t he  t r a n s m i t t e r  and r e c e i v e r  when s imple d ipo l e  

antennas a r e  used,  because of t h e  i n e f f i c i e n t  coupl ing of t he se  antennas 

t o  t h e  waveguide mode. The i n s e r t i o n  l o s s  of each antenna can be  calcu- 

l a t e d  by two methods. 

I n  t h e  f i r s t  method we make use of t h e  e f f e c t i v e  t r a n s m i t t i n g  o r  

r ece iv ing  a r e a  A of a half-wave d i p o l e  antenna which i s  given by 
a n t  

The coupl ing f a c t o r  C t o  t h e  Eh waveguide mode is  then ,  from (9) ,  

E cosk x c ~ s k ~ ~ d ~ l  2 
c = I J ~ a n t  o 1 

2 I E C O S ~ ~ X C O S ~ ~ ~  1 JAantd~ 
'Aguide o 
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where A is  t h e  a r e a  of c ross -sec t ion  of t he  waveguide. A t  f requenc ies  
guide 

on t h e  o rde r  of 1,000 MHz where t h e  wavelengths become smal l  compared t o  

t unne l  c ross -sec t ion  dimensions,  t h e  cos ine  f a c t o r s  of t h e  ( 1 , l )  Eh mode 

a r e  approximately zero  a t  t h e  wa l l s  of t h e  t unne l  and A << A a n t  guide ' 
Under t h e s e  condi t ions  (38) gives  approximately 

4Aant 2 " X o  c X- 2 "Yo 
C O S  (-) C O S  (-1 

Aguide dl d2 

f o r  a d ipo l e  cen te red  a t  x y i n  t h e  tunne l .  When t h e  d ipo l e  i s  p laced  
0 '  0 

a t  t h e  c e n t e r  of t h e  t unne l  (39) reduces t o  

I n  t h e  second method we make use of a s tandard  microwave c i r c u i t  

technique f o r  computing t h e  amount of power coupled i n t o  a waveguide 

mode by a probe. A half-wave d i p o l e  antenna cen te red  a t  x y i n  t h e  
0 '  0 

tunne l  and o r i e n t e d  i n  t h e  x-d i rec t ion  i s  approximated by a s u r f a c e  

cu r r en t  d i s t r i b u t i o n ,  and t h e  power coupled i n t o  t h e  ( 1 , l )  Eh mode by t h e  

cu r r en t  d i s t r i b u t i o n  i s  compared wi th  t h e  power r a d i a t e d  by the  d i p o l e  

i n  f r e e  space .  The coupl ing c o e f f i c i e n t  s o  ob ta ined  is  shown i n  

Appendix E t o  be 

x2  C = 0.52 - 2"X0 
cos - 2 "Yo 

C O S  - 
dl d, d, d, 

which i s  numer ica l ly  equa l  t o  (39) ,  and t h e r e f o r e  t o  (40) ,  when t h e  

d ipo l e  i s  loca t ed  a t  t h e  c e n t e r  of t h e  t unne l  (xo = 
Yo 

= 0 ) .  

The i n s e r t i o n  l o s s  Li is then  

f o r  a d i p o l e  c e n t r a l l y  l oca t ed  i n  t h e  t unne l .  Table I V  g ives  va lues  

of Li f o r  va r ious  f r equenc i e s ,  f o r  a 14 f t .  x 7 f t .  tunne l .  
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TABLE IV 
INSERTION LOSS (Li) 

(For a Half-Wave Antenna) 

X 
i 

(Feet) (dB) 

It i s  seen t h a t  t he  i n s e r t i o n  l o s s  decreases  r ap id ly  wi th  increas-  

ing  wavelength, a s  one would expec t ,  s i n c e  the  antenna s i z e  occupies a  

l a r g e r  f r a c t i o n  of t h e  width of t h e  waveguide. The o v e r a l l  i n s e r t i o n  

l o s s ,  f o r  both antennas,  i s  twice the  va lue  given i n  t h e  Table.  A con- 

s i d e r a b l e  reduct ion  i n  t he  l o s s  would r e s u l t  i f  high gain antenna systems 

were used. 

V I I I .  OVERALL LOSS I N  A STRAIGHT TUNNEL 

The o v e r a l l  l o s s  i n  s i g n a l  s t r e n g t h  i n  a  s t r a i g h t  tunnel  i s  t h e  sum 

of t h e  propagat ion l o s s  and the  i n s e r t i o n  l o s s e s  of t he  t r a n s m i t t i n g  and 

r ece iv ing  antennas.  Table V l i s t s  t h e  component l o s s  r a t e s  f o r  t h e  Eh 

mode due t o  d i r e c t  r e f r a c t i o n ,  roughness, and tilt; t h e  t o t a l  propagation 

l o s s  r a t e ;  t h e  i n s e r t i o n  l o s s  f o r  two half-wave antennas;  and the  over- 

a l l  l o s s  f o r  t h r e e  d i f f e r e n t  d i s t a n c e s .  The r e s u l t s  a r e  a l s o  shown i n  

Figure 6 ,  where i t  i s  seen t h a t  t he  optimum frequency f o r  minimum over- 

a l l  l o s s  i s  t h e  range 500-1000 MHz,  depending on the  des i r ed  communica- 

t i o n  d is tance .*  

It is a l s o  of i n t e r e s t  t o  combine t h e  r e s u l t s  i n  Table V wi th  those  

i n  Table I V  t o  ob ta in  the o v e r a l l  l o s s  versus  d i s t ance  f o r  t h e  HH, HV 

f o r  VH), and VV antenna o r i e n t a t i o n .  In  o rde r  t o  compare the  t h e o r e t i c a l  

* For roving miner mobile app l i ca t ions  using po r t ab l e  t r a n s c e i v e r s ,  some 
frequency independent f a c t o r s  accounting f o r  p o l a r i z a t i o n ,  e f f i c i e n c y  
and fade margin l o s s e s ,  should a l s o  be  appl ied  t o  t h e s e  r e s u l t s ,  a s  
descr ibed i n  Appendix F, t o  o b t a i n  p r a c t i c a l  e s t ima te s  of communication 
range. 

4.26  
Arthur D Little, Inc 



T
A

B
L

E
 V

 

C
A

L
C

U
L

A
T

IO
N

 O
F

 O
V

E
R

A
L

L
 L

O
S

S
 F

O
R

 E
h 

M
O

D
E

 W
IT

H
 T

W
O

 H
A

L
F

W
A

V
E

 D
IP

O
L

E
 A

N
T

E
N

N
A

S
 

(h
 =

 1
13

 F
t.

 
6' 

=
 l
o

I
 K

, 
=

 K
, 

=
 1

0,
 

dl
 

=
 1

4 
F

t.
, 

d,
 
=
7
 F

t.
) 

f 
Lr

ef
ra

ct
io

n 
Lr

ou
gh

ne
ss

 L
ti

lt
 

Lp
ro

pa
ga

tio
n 

Li
ns

er
tio

n 
(
-
 

(M
H

z)
 

(d
B

11
 00

')
 

(d
B

11
 00

')
 

(d
B

I1
00

')
 

(d
B

11
 00

')
 

(d
B

) 
10

0'
 



FIGURE 6 

TOTAL LOSS FOR VARIOUS DISTANCES ALONG A STRAIGHT TUNNEL 

150 

Total Loss in dB 

8 rms = lo 
h rms = 1/3 Ft. 
Kl = K2= 10 
dl = 14 Ft., d2 = 7 Ft. 
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Orientation (H H )  

0 500 1000 1500 2000 2500 3000 3500 
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va lues  w i t h  t h e  exper imenta l  d a t a  of C o l l i n s  Radio Co., which a r e  ex- 

p ressed  w i th  r e f e r e n c e  t o  i s o t r o p i c  an tennas ,  we add 4.3  dB t o  t h e  

o v e r a l l  l o s s  c a l c u l a t e d  f o r  half-wave d i p o l e s .  The t h e o r e t i c a l  r e s u l t s  

f o r  t h e  t h r e e  d i f f e r e n t  antenna o r i e n t a t i o n s  f o r  f r equenc i e s  of 415 MHz 

and 1,000 MHz a r e  compared w i t h  t h e  exper imenta l  d a t a  i n  F igures  7 and 

8. It is  seen  t h a t  t h e  theory ag ree s  q u i t e  w e l l  w i th  t h e  gene ra l  t r e n d  

of t h e  d a t a .  The agreement could probably b e  improved by b e t t e r  choices  

of t h e  roughness and t ilt  parameters  h and 6 and by a more s o p h i s t i c a t e d  

t rea tment  of t h e  a t t e n u a t i o n  of t h e  d i f f u s e  component than  t h e  s imple  
1 I average ray" approach. 

I X .  OVERALL LOSS ALONG A PATH WITH ONE CORNER 

Table  V I  g ives  t h e  o v e r a l l  \ mode l o s s  f o r  a pa th  from one t u n n e l  

t o  ano the r ,  i nc lud ing  t h e  corner  l o s s  involved i n  r e - e s t a b l i s h i n g  t h e  

E mode i n  t h e  second tunne l .  The l o s s  is  t h e  sum of t h e  corner  l o s s ,  
h 

given i n  column 3 of Table  11 and r epea t ed  i n  Table  V I ,  and t h e  s t r a i g h t  

t unne l  l o s s  given i n  Table  V f o r  va r ious  t o t a l  d i s t a n c e s .  The r e s u l t s  

i n  Table  V I  a r e  f o r  t h e  ca se  of half-wave d i p o l e  t r a n s m i t t i n g  and 

r e c e i v i n g  antennas* and a r e  v a l i d  when n e i t h e r  antenna is w i t h i n  about 

100 f t .  of t h e  c o m e r .  The o v e r a l l  l o s s  is s m a l l e r  than  t h e  va lues  i n  

Table  V I  i f  t h e  r e c e i v i n g  antenna is  w i t h i n  t h i s  d i s t a n c e ,  owing t o  t h e  

presence of t h e  r a p i d l y  a t t e n u a t i n g  d i f f u s e  component t h a t  pa s se s  around 

t h e  corner .  From t h e  p r i n c i p l e  of r e c i p r o c i t y ,  t h e  same i s  t r u e  i f  t h e  

t r a n s m i t t i n g  antenna is w i t h i n  100 f t .  of t h e  c o m e r .  

The r e s u l t s  i n d i c a t e  t h a t  t h e  optimum frequency l ies i n  t h e  range 

400-1,000 MHz. However, i f  one i n s t a l l s  h o r i z o n t a l  half-wave resonant  

s c a t t e r i n g  d i p o l e s  w i th  45' azimuth i n  t h e  important  t unne l  i n t e r s e c t i o n s ,  

i n  o r d e r  t o  gu ide  t h e  \ mode around t h e  c o m e r ,  t h e  optimum may s h i f t  

t o  somewhat lower f r equenc i e s  s i n c e  a g r e a t e r  f r a c t i o n  of t h e  i n c i d e n t  

Eh wave w i l l  b e  d e f l e c t e d  by t h e  longer  low-frequency d i p o i e s .  

* A s  i n  t h e  s t r a i g h t  t u n n e l  c a se ,  r e f e r  t o  Appendix F f o r  t h e  a d d i t i o n a l  
l o s s  f a c t o r s  needed t o  e s t i m a t e  communication range f o r  rov ing  miner 
a p p l i c a t i o n s  us ing  p o r t a b l e  t r a n s c e i v e r s .  

Arthur D Little, Inc. 



FIGURE 7 

OVERALL LOSS IN A STRAIGHT TUNNEL IN HIGH COAL 
(For Isotropic Antennas) 
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FIGURE 8 

OVERALL LOSS IN  A STRAIGHT TUNNEL IN HIGH COAL 
(For Isotropic Antennas) 
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TABLE VI  

OVERALL LOSS ALONG A PATH INCLUDING ONE CORNER 
Eh MODE WITH HALFWAVE DIPOLE ANTENNAS 

Eh LOSS 
per Corner 

(dB) 

80.2 
77.6 
74.1 
67.6 
57.7 
47.3 

Overall Loss (dB) 
500' 1000' 1500' 2000' 
177 205 232 259 
163 184 205 226 
147 162 177 192 
126 138 148 161 
120 152 184 216 
187 308 430 551 



X . CONCLUSIONS 

The k ind  of propagat ion model developed i n  t h i s  paper ,  involv ing  t h e  

( 1 , l )  Eh waveguide mode accompanied by a  d i f f u s e  component i n  dynamical 

equ i l i b r ium wi th  i t ,  seems t o  b e  necessary  t o  account f o r  t h e  many e f f e c t s  

observed i n  t h e  measurement of Co l l i n s  Radio Company: t h e  exponent ia l  

decay of t h e  wave; t h e  marked p o l a r i z a t i o n  e f f e c t s  i n  a  s t r a i g h t  t unne l ;  t h e  

independence of decay r a t e  on antenna o r i e n t a t i o n ;  t h e  absence of po la r -  

i z a t i o n  a t  t h e  beginning of a  c r o s s  t unne l ;  t h e  two-slope decay cha rac t e r -  

i s t i c  i n  a  c r o s s  t unne l ;  and o v e r a l l  frequency dependence. A l l  of t h e s e  

e f f e c t s  a r e  moderately w e l l  accounted f o r  by t h e  t h e o r e t i c a l  model. 

However, cons iderab le  ref inement  of t h e  theory  could be made by removing 

some of t h e  p re sen t  o v e r s i m p l i f i c a t i o n s ,  such a s :  t h e  assumption of 

p e r f e c t l y  d i f f u s e  s c a t t e r i n g  both  i n  t h e  main t unne l  and immediately around 

a  c o m e r  i n  a  c r o s s  t unne l ;  t h e  use  of  t h e  "average rayf f  approximation; 

and t h e  d e s c r i p t i o n  of t h e  propagat ion around a  c o m e r  i n  terms of  two 

asymptotes only.  

The l a s t  i t em p a r t i c u l a r l y  deserves  more a t t e n t i o n  s i n c e  we have not  

included t h e  conversion of t h e  d i f f u s e  component i n  t h e  t r a n s i t i o n  reg ion  

n e a r  t h e  beginning of t h e  c ros s  t unne l  i n t o  t h e  Eh mode. For t h i s  reason 

w e  t h i n k  t h a t  t h e  good f i t  of t h e  theory  t o  t h e  experimental  d a t a  i n  

F igures  4 and 5 may be  somewhat f o r t u i t o u s .  More d a t a  at  g r e a t e r  d i s t a n c e s  

down a c r o s s  t unne l  would be very  d e s i r a b l e  t o  s e t t l e  t h i s  ques t i on .  

Data covering a wider  frequency range i n  both main and c ros s  t unne l s  would 

a l s o  a l low a more s t r i n g e n t  test of t h e  theory .  
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APPENDIX A 

RAY METHOD 

1. Fresne l  Formulas 

For t h e  Eh mode t h e  r e f l e c t a n c e s  R1 and R2 of t h e  v e r t i c a l  and 

h o r i z o n t a l  w a l l s ,  r e s p e c t i v e l y ,  a r e  

d 2  1 s i ng2  + s i n  @2+K2-1 ( 
R9Eh = 

For t h e  Ev mode t h e  corresponding formulas a r e  

2 s i n @ 2  - 'sin @2+K2-1 I 

2. Loss Rates  

Table 1 A  g ives  c a l c u l a t e d  va lues  of g raz ing  a n g l e ,  number of 

r e f l e c t i o n s ,  r e f l ec t ance ,  and l o s s  f o r  t h e  Eh mode i n  a 14  x 7 high-coal 

t unne l  wi th  K1=K2=10. L1 and L2 are t h e  l o s s  rates a t  t h e  s i d e  w a l l s  

and a t  t h e  roof and f l o o r ,  r e s p e c t i v e l y .  

Arthur D Little, Jnc. 
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APPENDIX B 

WAVE METHOD 

1. (1 , l )  Eh and E, Modes 

The fundamental ( 1 , l )  Eh mode is approximately a TEM wave given by 

(9) and (10). The complete f i e l d  of t h i s  form i n  the tunnel  (-d1/2 ( x 

< d1/2, -d2/2 2 y 5 d2/2) , s a t i s f y i n g  Maxwell's equat ions,  is - 

Ex = Eo cos klx cos k2y e-ik3z (B1) 

i k  
E, = ---IEo s i n  k x cos k2y e-ik3z 

k3 1 

klk2 
% = =  Eo s i n  klx s i n  k2y e-ik3z 

Hy = 
(k12+k32) 

E, cos klx cos k2y e-ik3z 
~ ~ 0 ~ 3  

ik2 
Hz = - Eo cos k x s i n  k2y e-ik3z 1 where 

U"o 

Since the  wavelengths of i n t e r e s t  a r e  small  compared with t h e  tunnel  

dimensions, t he  wave vector  components k l  and k2 a r e  small  compared 

with kg,  which i s  c lose  t o  kO=2r/h. Therefore Hy reduces t o  t h e  expression 

given i n  (10) and E,, Hx, and Hz a r e  very small .  

I n  the  roof (y > d2/2) of d i e l e c t r i c  constant  K2, t h e  f i e l d  must - 
represent  an outgoing wave i n  the  y-direct ion and the re fo re  has t h e  

f o m  

Arthur D Little, lnc 



Ex = B cos k x e -ik2 ' y .-ik3z 
1 (B8) 

ikl t 
Ez = - B s i n  k  x  e4k2 Y e-j-kgz 

k 3  1 

(k32+k12) 
B cos k  x e-ik2'y e  

-ik3z 
Hy = 

~ ~ 0 ~ 3  1 

k2 ' 
H, = - B cos k  x e-ikz 'y  e-ik3z 

W l J - 0  1 

which s a t i s f i e s  Maxwell's equat ions .  Thewave number component k2 '  i n  

t h e  d i e l e c t r i c  i s  given by t h e  r e l a t i o n  

The boundary condi t ions  a t  y = d2/2 a r e  t h a t  t h e  t a n g e n t i a l  components 

of E  and H a r e  cont inuous.  These condi t ions  r equ i r e  t h a t  

k2d2 -ik2 ' d2 
Eo = cos (---) = B e  2  2  

and 

k2d2 - ik2  'd2 
k2E0 s i n  (-) = i k 2 '  B e 2 2 '  

from which we ob ta in  t h e  condi t ion  

k2d2 
2  

- i k 2 '  k2 t a n  - - 

4 . 3 8  
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Since kl and k2 a r e  small  compared with ko we f i n d  from (B7) and (B14) 

t h a t  k2'  i s  given approximately by 

Therefore, from (B17) and (B18) we ob ta in  the  following mode condit ion 

f o r k 2 ,  f o r  modes t h a t  a r e  even funct ions  of y: 

k2d2 
k, t a n  - - 2 - i ko m. 

Since k2d2/2 << 1 we f i n d  f o r  the lowest Eh mode 

This r e s u l t  shows t h a t ,  except f o r  a small imaginary p a r t ,  k2 has the  

same value  a s  f o r  a metal waveguide. The imaginary p a r t  a r i s e s  from 

the  power l o s s  due t o  t h e  outgoing r e f r a c t e d  wave. 

> I n  t h e  s i d e  wa l l  (x = d1/2), of d i e l e c t r i c  constant  K 1 ,  t he  f i e l d  

has the  form 

- A e-ikl 'x -ik3z 
Ex - cos k2y e 

kl' A e-ikl'x cos k2y e E, = - -ik3z 
k2 

ik11k2 - - A e-ikl'x cos k2y e -ik3z 
H~ wuok3 

ik2  
Hz = - A e-ikl 'X 

s i n  k2y e -ik3z 
wl-lo 
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where 

Cont inu i ty  of t h e  t a n g e n t i a l  E f i e l d  g ives  t h e  condi t ion  

k l d l  
klEo s i n  (-) = i k l l  A e  

- i k l l  dl 
2  2  

Cont inu i ty  of Hy and HZ r e q u i r e s  t h a t  

hdl -ikl dl 
(k32+ k12) E, cos (-?--) = (k32+k1 ' 2, Ae .2- 

and 

kldl -ikl ' dl 
k2Eo cos (-) = k2 Ae 2 2 0330) 

S ince  (B29) and (B30) a r e  i n c o n s i s t e n t  we can only s a t i s f y  t h e  H 

boundary cond i t i on  approximately.  We n o t e  t h a t  s i n c e  K 1  >> 1, / kl l  I 
is of t he  same o rde r  a s  ko,  whereas 1 k2 1 is  much smal le r .  Therefore  

we may ignore  (B30) and a l s o ,  from (B7) and (B27) , w r i t e  

Then from (B28) and (B29) we o b t a i n ,  approximately,  

Again t ak ing  advantage of t h e  smallness  of k l  and k2 r e l a t i v e  t o  ko, we 

f i n d  f o r  t h e  lowest  Eh mode t h a t  

4.4Q 

Arthur D Little, Inc. 



which shows t h a t  t he  mode shape i n  t h e  x-direct ion is a l s o  t h e  same a s  

f o r  a  metal  waveguide, except f o r  a  small  imaginary p a r t .  

On s u b s t i t u t i n g  f o r  kl and k2 from (B33) and (B34) i n t o  (B7) we 

f i n d ,  on neg lec t ing  second o rde r  terms, t h a t  t he  propagation cons tant  

i n  t h e  z -d i rec t ion  is  

The power l o s s  i n  dB f o r  t he  ( 1 , l )  Eh mode f o r  a  d i s t ance  z  i s  t h e r e f o r e  

We ob ta in  the  l o s s  f o r  t h e  ( 1 , l )  Ev mode by interchanging t h e  s u b s c r i p t s  

1 and 2 i n  (B36) : 

A s  a  check on these  formulas we f i n d  t h a t  exac t ly  t h e  same r e s u l t s  a r e  

obtained i f  one adds t h e  l o s s e s  f o r  two i n f i n i t e  s l o t  waveguides of 

s l o t  widths dl, d2 and d i e l e c t r i c  cons tants  K 1 ,  K2,  r e spec t ive ly .  The 

numerical r e s u l t s  given by (B36) and (B37) a l s o  agree w e l l  wi th  those 

given by t h e  r ay  method. 

2.  Higher Modes 

One can r e a d i l y  gene ra l i ze  (B36) and (B37) t o  t h e  case  of a  h igher  

mode (n1,n2) wi th  approximately n half-wave loops i n  t h e  x-d i rec t ion  1 
and n2 i n  t h e  y-d i rec t ion .  The r e s u l t s  a r e  
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Table B 1  shows t h e  l o s s  r a t e s  f o r  a number of %odes f o r  f  = 1000 MHz, 

h= 0.98 f t ,  d l  = 14 i t ,  d2 = 7 f t ,  K1 = 10 ,  K2 = 1 0 ,  z = 100 f t .  It is  

t o  be noted t h a t  formulas (B38) and (B39) become inc reas ing ly  i nexac t  

as n 1  and n2 i n c r e a s e ,  s i n c e  our  approximations based on kl,  k2 << ko 

become p rog re s s ive ly  l e s s  v a l i d .  

TABLE B 1  

LOSS RATES FOR VARIOUS MODES 

L E ~  
( d ~ / 1 0 0  f t )  

LEV 
( d ~ / 1 0 0  f t )  

4.42 
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APPENDIX C 

COUPLING OF Eh AND Ev MODES 

We f i r s t  consider  t h e  Eh wave inc ident  a t  a  small  grazing angle 

$2 on a p e r f e c t l y  f l a t  and hor i zon ta l  p a r t  of the  roof of the  tunnel .  

The r e f l e c t e d  wave i s  then a l s o  polar ized  with t h e  E f i e l d  hor i zon ta l .  

I f  t h e  plane on the roof i s  l o c a l l y  ro ta t ed  through some angle about 

t h e  x-direct ion,  i . e . ,  about a  t ransverse  hor i zon ta l  a x i s ,  then t h e  

E-field i n  t h e  r e f l e c t e d  wave remains hor i zon ta l ,  from symmetry. 

Rotat ion about t h e  v e r t i c a l  y-direct ion a l s o  produces no e f f e c t  s ince  

the  plane of the roof remains unchanged. Rotation about t h e  z-d i rec t ion  

produced by longi tudinal  r idges  can however tilt t h e  E-field of t h e  

r e f l e c t e d  wave. Figure C 1  shows a c rossec t iona l  view of t h e  tunnel  

with the  roof ro ta t ed  through.an angle 8 around the  z-axis.  The E-field 

of t h e  inc iden t  wave i s  represented by E and t h a t  of t h e  r e f l e c t e d  wave 
i 

by Er ,  which is  t i l e d  by an angle 6 r e l a t i v e  t o  E We wish t o  ca l -  2 i* 
c u l a t e  62 i n  terms of 9 and the  grazing angle of incidence $ 

2 '  

Rela t ive  t o  axes x ' ,  y '  a t tached t o  the  ro ta t ed  por t ion  of t h e  

roof the  inc ident  E-field has components 

E i , Y  
, = -Ei s i n e .  

The r e f l e c t e d  f i e l d  has components 

E = Er cos (0-62) 
r , x '  

E , = - Er s i n  ( E I - ~ ~ ) .  
r , Y  
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FIGURE C1 INCIDENT AND REFLECTED FIELDS RELATIVE TO A ROTATED 
PORTION OF  THE ROOF OF  THE TUNNEL 
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With respect  t o  t h e  roof the  x' components can be regarded a s  t h e  TE 

wave wi th  amplitude r e f l e c t i o n  rTE . Therefore 
2 

Likewise the  y '  components a c t  a s  a TM wave, s o  t h a t  

From (Cl) -(C6) we ob ta in  

r 
t a n  (8-A2) T"2 

This r e s u l t  shows t h a t  r o t a t i o n  of the  E-field occurs only because r 
TM 

i s  d i f f e r e n t  from rTE. 

The amplitude r e f l ec tances  r and r a r e  given i n  terms of t h e  
TE2 m 2  

grazing angle $ and the  d i e l e c t r i c  constant  K2 of t h e  roof by t h e  2 
Fresnel  formulas 
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Equations (C7)-(C9) al low one t o  c a l c u l a t e  t h e  t i l t  angle  6 2  of t h e  

e l e c t r i c  f i e l d  of t h e  r e f l e c t e d  wave f o r  given va lues  of 0 ,  0 2  and K2.  

The corresponding equa t ions  f o r  t h e  e f f e c t  of t h e  s i d e  wa l l s  of t h e  

tunne l  a r e  

r t a n  (8-61) 
TE1 = -  

tan0 r 
TM1 

We have assumed f o r  s i m p l i c i t y  t h a t  t h e  rms r o t a t i o n  angle  0  is  the  same 

f o r  a l l  f ou r  w a l l s  of t h e  t unne l .  The angles  and +2 a r e  given by 

equa t ions  (1) and (2) .  

We know o b t a i n  an express ion  f o r  t h e  power coupl ing c o e f f i c i e n t  

between t h e  Eh and Ev modes. From a  r a y  p o i n t  of view t h e  f r a c t i o n  of 
2  2 

thepower coupled pe r  r e f l e c t i o n  is  s i n  6 f o r  t h e  s i d e  w a l l s  and s i n  6 1 2  
f o r  t h e  top  and bottom w a l l s .  The coupl ing c o e f f i c i e n t  per  f o o t  a long 

t h e  t unne l  i s  t h e r e f o r e  

N1 2 N2 2  a = - s i n  6 + - s i n  6 
hv z 1 z 2 

$1 2  = - $2 2 
s i n  6 + - s i n  6 

dl d2 
2' 

where N and N 2 ,  t he  number of r e f l e c t i o n s  f o r  a  d i s t a n c e  z ,  a r e  given 1 
by (5) and ( 6 ) .  
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It is  t o  be noted t h a t  we have added the  cont r ibut ions  of t h e  var ious  

r e f l e c t i o n s  t o  a  incoherent ly ,  The reason is  t h a t  t h e  Eh and Ev modes 
hv 

a r e  orthogonal,  which means t h a t  the  var ious  cont r ibut ions  from one mode 

t o  the  o the r  have random phases. 

The r a t e  of change of the  i n t e n s i t y  Iv i n  the  Ev mode is  given by 

the  equation 

where Ih i s  the  i n t e n s i t y  of the  Eh mode and a i s  t h e  a t t enua t ion  co- 
v 

e f f i c i e n t  of the  Ev mode due t o  r e f r a c t i o n  l o s s ,  Now, a s  w i l l  be shown 

l a t e r ,  t he  coupling c o e f f i c i e n t  a  is  small compared wi th  the  l o s s  r a t e s  
hv 

ah and a of t h e  two modes. Therefore under s teady s t a t e  condit ions both 
v 

modes decay a t  a  r a t e  c lose  t o  a This means t h a t  h *  

Thus from (C14) we f ind  t h a t  

Table C 1  shows values of 61, 6 2 ,  a and I /I ca lcula ted  by the  fore- 
hv' v  h 

going equations f o r  t h r e e  values of the  rms r o t a t i o n  angle 8 of t h e  tunnel  

wal ls .  The measurements of Col l ins  Radio with t h e  rece iv ing  antenna f i r s t  

v e r t i c a l ,  then hor i zon ta l  i nd ica te  t h a t  I /I i s  i n  the  range -20 t o  -25 dB v h 
f o r  t h e  1000 and 415 MHz da ta .  Therefore i f  one assumes t h a t  t h e  measured 

Ev a r i s e s  e n t i r e l y  from coupling between t h e  two ( 1 , l )  modes, a  value of 

0 between l o 0  and 20' i s  needed t o  make t h e  theory agree with the  experi-  

mental da ta .  
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Coupling Between Eh and Ev modes 

e 61 62 
Q a 

h 
a 

hv v Ih 
(deg) (deg)  (deg) ( d B / f t  .) (dB/f t .) ( d B / f t  .) (dB) 
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APPENDIX D 

PROPAGATION AROUND A CORNER 

1. Transmission of Diffuse Com~onent Around a Comer. 

To c a l c u l a t e  t h e  f r a c t i o n  of t h e  d i f f u s e  component i n  t h e  main 

tunnel  t h a t  goes around a c o m e r  i n t o  a c ross  tunnel ,  we use  r e s u l t s  

given i n  graphica l  form by Sparrow and ~ e s s ( ~ ) f o r  the  angle f a c t o r s  f o r  

d i f f u s e  r a d i a t i o n  t r a n s f e r  between rec tangular  a r e a s ,  on t h e  assumption 

t h a t  t h e  r a d i a t i o n  i n  t h e  main tunnel  is p e r f e c t l y  d i f f u s e .  In  t h e  

high coa l  case  of i n t e r s e c t i n g  tunnels  each of dimensions 14 f t  by 7 f t ,  

t h e  angle f a c t o r  between the  main-tunnel ape r tu re  1 and t h e  cross-tunnel 

ape r tu re  2 i s  

F1+2 (High Coal) = 0.15 = -8.2 dB (Dl) 

In  t h e  case of low-coal tunnels  of dimensions 14 f t  x 3.5 f t ,  t h e  

r e s u l t  i s  

Fl+2 (Low Coal) = 0.10 = -10 dB (D2) 

2 .  Exci ta t ion  of Eh Mode i n  Cross Tunnel by Diffuse Component i n  

Main Tunnel. 

Figure D l  dep ic t s  t h e  geometry used f o r  computing t h e  degree t o  

which t h e  Eh mode i n  t h e  main tunnel  couples t o  t h e  Eh mode i n  a 

c ross  tunnel .  Diffuse r a d i a t i o n  passing through a cross  s e c t i o n  A 

of t h e  main tunnel  has the  angular  d i s t r i b u t i o n  
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Cross Tunnel 

FIGURE D l  GEOMETRY FOR COUPLING TO CROSS TUNNELS 
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where 

dP = power i n  element of s o l i d  angle dfi 

from element of a rea  dA 

0 = angle with normal t o  dA 

Po - t o t a l  d i f f u s e  power 

A = t o t a l  a rea  of c ross  sec t ion  

The power en te r ing  t h e  Eh mode i n  the  cross  tunnel  is  the re fo re  

where t h e  i n t e g r a t i o n  i s  taken over the  whole a rea  A of t h e  cross  

sec t ion  and over t h e  s o l i d  angle Q of t h e  mode. The f a c t o r  1 /2  allows 

f o r  t h e  hor i zon ta l  po la r i za t ion  of t h e  mode. 

dl and d2 being t h e  hor i zon ta l  and v e r t i c a l  dimensions of t h e  tunnel .  

Theref o re  
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Since  $1 and $2 a r e  smal l  t h e  con t r ibu t ions  of va r ious  elements dA a r e  

approximately equa l  s i n c e  shadowing e f f e c t s  can be neg lec t ed .  Therefore  

(D4) becomes 

The power r a t i o  of t h e  Eh mode i n  t h e  c r o s s  tunne l  and main t unne l  i s  

where Po i s  t h e  d i f f u s e  power l e v e l  i n  t he  main t unne l .  This  r e s u l t  

n e g l e c t s  any c o n t r i b u t i o n  from s c a t t e r i n g  by t h e  f l o o r  and roof of t he  

i n t e r s e c t i o n  a r e a  between t h e  two tunne ls .  
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APPENDIX E 

ANTENNA INSERTION LOSS BY CURRENT-DISTRIBUTION METHOD 

A half-wave d ipole  antenna centered a t  xo, yo i n  t h e  tunnel  and 

or iented  i n  the  x-direct ion i s  approximated by a su r face  current  

d i s t r i b u t i o n  

where u and u a r e  the  u n i t  impulse and s t e p  funci tons .  
0 -1 

For the  case of an i n f i n i t e  tunnel  extending t o  e i t h e r  s i d e  of the  

d ipo le ,  t he  t a n g e n t i a l  f i e l d  components take on the  usual  form 

- - 
e j k  = eojk 

cos k x cos k2y 1 

- 
where Z o j k y  Vkjky hojk and eojk a r e  the  c h a r a c t e r i s t i c  impedance, + and 

-wave vol tage  c o e f f i c i e n t s ,  and normalizat ion cons tants ,  r e spec t ive ly ,  

f o r  each waveguide mode. By matching the  t a n g e n t i a l  boundary condit ions 

over the  cross-sect ion containing the  d ipole  and s e l e c t i n g  the  dominant 

( 1 , l )  Eh mode cont r ibut ion  by using t h e  mode or thogonal i ty  p roper t i e s ,  

we ob ta in  
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APPENDIX F 

EXPECTED COMMUNICATION RANGE 
BETWEEN TWO ROVING MINERS 

Communication can be maintained between two separated indiv iduals  

u n t i l  the separa t ion  d is tance  increases  t o  a poin t  where t h e  s i g n a l  

s t r eng th  i s  no t  s u f f i c i e n t  t o  overcome the background e l e c t r i c a l  noise .  

To obta in  es t imates  of t h i s  communication range f o r  a mobile app l i ca t ion  

involving roving miners equipped with por table  handy t a l k i e  t r ansce ive r s ,  

t h ree  frequency independent l o s s  f a c t o r s  should be added t o  the  values of 

o v e r a l l  l o s s  presented i n  Tables V and V I .  These f a c t o r s  a re :  -polari-  

za t ion  loss- to account f o r  l i k e l y  misalignment of t ransmit  and rece ive  

antennas, -antenna e f f i c i e n c y  loss- to  account f o r  the  non-ideal antenna 

i n s t a l l a t i o n  on handy t a l k i e s ,  and -fade margin-to account f o r  s i g n a l  

cance l l a t ion  e f f e c t s  due t o  des t ruc t ive  in t e r fe rence .  Nominal values 

which appear reasonable f o r  these  f a c t o r s  a r e  12dB, 4dB, and 12dB, 

r e spec t ive ly ,  r e s u l t i n g  i n  a t o t a l  of 28dB t o  be added t o  the  above 

mentioned values of o v e r a l l  l o s s .  By exe rc i s ing  care  i n  t h e  o r i e n t a t i o n  

and pos i t ion  of t h e  handy t a l k i e s  i n  the mine tunnel  cross-sect ion while  

communicating, these  po la r i za t ion  and s i g n a l  fading los ses  can of course 

be reduced, thereby producing a corresponding increase  i n  range. 

Representat ive values of r ece ive r  s e n s i t i v i t y  and t r a n s m i t t e r  power 

f o r  FM por table  handy t a l k i e s  i n  t h e  UHF 450-MHz band a r e  0.5 microvolt 

f o r  20dB of qu ie t ing  (-113 dBm i n t o  a 50-ohm input  r e s i s t ance )  and 2 wa t t s  

(33 dBm), r e spec t ive ly ,  r e s u l t i n g  i n  a t o t a l  allowable l o s s  of 146dB. 

I n  t h i s  frequency band measurements i n  mines have shown t h a t  t h e  i n t r i n s i c  

e l e c t r i c a l  noise  of t h e  UHF rece ive r  w i l l  predominate over e x t e r n a l l y  

generated e l e c t r i c a l  noise .  Using the above parameter values i n  conjunction 

with the  415-MHz o v e r a l l  l o s s  values presented i n  Tables V and V I  f o r  

s t r a i g h t  l i n e  t ransmission paths and paths inc luding one corner ,  p red ic t ions  

of communication range along haulageways and i n  working sec t ions  of mines 

can be ob ta ine4  a s  shown i n  Figure F1. Figure F1 i l l u s t r a t e s  the  coverage 

expected i n  a high-coal mine between a c e n t r a l l y  loca ted  miner with a handy 

t a l k i e  u n i t  and a second miner roving throughout a t y p i c a l  600 x 600 foot  

mine s e c t i o n  wi th  another u n i t  a t  an opera t ing  frequency of 415 MHz. 

4.55 
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When the  s i g n a l  must go around only one corner ,  s a t i s f a c t o r y  

communication can be expected over a  l i n e a r  d is tance  of approximately 

500 f e e t  down an e n t r y  and cross-cut .  When no comers  a r e  encountered, 

a s  i n  a  haulageway transmission pa th ,  s a t i s f a c t o r y  s t r a i g h t  l i n e  

communication can be expected over d is tances  i n  excess of 1500 f e e t .  

These rh--ce limits a r e  somewhat conservat ive e s t ima tes ,  and a s  mentioned 

above, can usual ly  be somewhat extended i f  the  handy t a l k i e s  a r e  ro ta t ed  

i n t o  the  hor i zon ta l  plane, pointed across  the  tunnel, and t r a n s l a t e d  a 

l i t t l e  t o  a  more favorable s i g n a l  s t r eng th  pos i t ion ,  thereby taking  f u l l  

advantage of the  dominant ho r i zon ta l  f i e l d  component and minimizing 

d e s t r u c t i v e  in t e r fe rence  e f f e c t s .  

W i r .  lisss coverage was est imated using t h e  415 MHz frequency r e s u l t s  

because the  450 MHz UHF frequency band i s  t h e  present  upper l i m i t  f o r  

commercially a v a i l a b l e  por t ab le  r ad io  t r ansce ive r s ,  and because operat ing 

frequencies near  400 MHz a r e  most favorable f o r  high-coal s e c t i o n  applica-  

t i o n s  where t ransmission paths t y p i c a l l y  include one c o m e r .  Addit ional  

information regarding the  p r a c t i c a l  app l i ca t ion  of UHF wire le s s  radio  

systems t o  mine haulageways and sec t ions  i s  given i n  a  paper coauthored 

by R. Lagace of ADL and H .  Parkinson of PMSRC e n t i t l e d  "Two-way Communica- 

t i o n s  with Roving Miners," and published i n  U.S. Bureau of Mines Informa- 

t i o n  C i rcu la r  No. 8635. 
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