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PREFACE 

The work described in this report was performed in the 
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Administration, Office of Researvh, Development and Demonstrations. 
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greater safety in railroad freight and passenger service. 

This study describes a major research effort to explore the 

feasibility of a communication-link approach for grade-crossing 

applications. The project has been carried out in the TSC Mech- 

anical Engineering Division under the overall direction of J .  

Hopkins. R. Abbott, who has had general responsibility for field 

tests and system evaluation, prepared sections 3 , 4 , 6 ,  and 7. 

Section 5 is drawn from studies carried out by Professor F.R. 

Holmstrom, Electrical Engineerin? Department, Lowell Technological 

Institute, under TSC contract DnT-TSC-589. Initial breadboard 

designs and circuit construction, and laboratory test and evaluation, 

have been the general responsibility of E. White. A.T. Newfell 

had primary responsibility for equipment acquisition and cooperative 

activities with the railroads. Their ingenuity in coping with 

difficult situations in a severe environment was crucial to the 

success of the project. 

The effort has benefitted greatly from numerous discussions 

with many people associated with railroads, signal suppliers, the 

microwave and electronics community, and various levels and 

departments of Government. Special thanks are given to the many 

employees of the Boston f, Maine Railroad who have contributed in 

great measure to the implementation of field tests. 
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1, I NTRODUCTI ON 

1.1 OBJECTIVE 

The t r a c k  c i r c u i t ,  which obse rved  i t s  c e n t e n n i a l  i n  1972,  

i s  a  d i r e c t ,  e l e g a n t  means of a c h i e v i n g  t r a i n  d e t e c t i o n  i n  a  c l e a r ,  

f a i l - s a f e  manner.  I t  w i l l  undoub ted ly  remain t h e  f o u n d a t i o n  of  

r a i l r o a d  s i g n a l i n g  f o r  t h e  f o r s e e a b l e  f u t u r e .  However, when 

a p p l i e d  t o  t h e  a c t u a t i o n  of a c t i v e  g r a d e  c r o s s i n g  p r o t e c t i o n ,  t h i s  

sys t em,  w h i l e  h i g h l y  e f f e c t i v e ,  i n h e r e n t l y  imposes c o n s t r a i n t s  

which l i m i t  t h e  imp lemen ta t ion ,  economy, and e f f e c t i v e n e s s  o f  new 

i n s t a l l a t i o n s .  The o b j e c t i v e  o f  t h e  work d e s c r i b e d  h e r e  h a s  been  

e x p l o r a t i o n  o f  t h e  p o s s i b i l i t y  t h a t  an a l t e r n a t i v e  method might  be  

deve loped  which c o u l d  remove c e r t a i n  of  t h o s e  l i m i t a t i o n s .  Two 

p o i n t s ,  however ,  must b e  emphas ized:  t h i s  work r e l a t e s  o n l y  t o  

g r a d e  c r o s s i n g  s i g n a l s ,  a  v e r y  s p e c i a l  c a s e  o f  r a i l r o a d  s i g n a l i n g ,  

and t h e  r e s u l t i n g  c o n c e p t s  and  hardware  a r e  n o t  t o  be  viewed a s  a  

p e r f e c t  s o l u t i o n ,  r e p l a c i n g  a l l  p r e v i o u s  methods ,  b u t  r a t h e r  a s  an  

expans ion  of  t h e  a v a i l a b l e  o p t i o n s ,  t o  be  a p p l i e d  (when f u l l y  

deve loped  and proven)  o n l y  i n  t h o s e  i n s t a l l a t i o n s  f o r  which t h e y  

t r u l y  r e p r e s e n t  improvements .  

1 . 2  BACKGROUND 

The b a s i c  framework o f  g r a d e  c r o s s i n g  s a f e t y  i s  e a s i l y  de-  

s c r i b e d .  Of t h e  app rox ima te ly  223,000 p u b l i c  g r a d e  c r o s s i n g s  i n  

t h e  U.S. ,  a b o u t  47,000 ( 2 2 % )  now have a c t i v e  p r o t e c t i o n .  Such 

warning  sys tems a r e  b e i n g  i n s t a l l e d  a t  an annua l  r a t e  o f  a p p r o x i -  

m a t e l y  1500.  P r e v i o u s  DOT s t u d i e s  1, 2 ,  3 have  de t e rmined  t h a t  

t h e  most e f f e c t i v e  and b e n e f i c i a l  e x p e n d i t u r e  o f  a v a i l a b l e  r e -  

s o u r c e s  i n  te rms  o f  s a f e t y  i s  a  program o f  i n s t a l l a t i o n  o r  up- 

g r a d i n g  o f  a c t i v e  p r o t e c t i o n  a t  app rox ima te ly  30,000 p u b l i c  c r o s s -  

i n g s  (o f  t h e  o r d e r  o f  o n e - e i g h t h  o f  e x i s t i n g  c r o s s i n g s ) .  Imple-  

m e n t a t i o n  o f  such  p r o t e c t i o n ,  i t  i s  e s t i m a t e d ,  would r educe  t h e  

annua l  d e a t h  t o l l  by 3 0 t o  50%.  That  i s ,  a  r e l a t i v e l y  s m a l l  

number of  c r o s s i n g s  - t h o s e  w i t h  h i g h  t r a f f i c  d e n s i t i e s  - a r e  

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



p r o t e c t i v e  and r e s e a r c h  a c t i v i t i e s  and r e s o u r c e s  a r e  most e f f i -  

c i e n t l y  c o n c e n t r a t e d  on improvements a p p r o p r i a t e  t o  c r o s s i n g s  i n  

t h e s e  c a t e g o r i e s .  

The f u n c t i o n a l  r e q u i r e m e n t s ,  economic and i n s t i t u t i o n a l  

framework, and l i m i t a t i o n s  upon i n n o v a t i o n  i n  t h i s  f i e l d  were 

d e l i n e a t e d  i n  Reference  3 ,  and w i l l  n o t  be  d i s c u s s e d  e x t e n s i v e l y  

h e r e .  However, a  r ev i ew of  t h e  r e l e v a n t  b a s i c  t echno logy  i s  appro -  

p r i a t e .  

D i s c u s s i o n  of  g r a d e  c r o s s i n g  t echno logy  i s  f a c i l i t a t e d  by 

d e l i n e a t i o n  o f  two q u i t e  s e p a r a t e  f u n c t i o n s  - d e t e c t i o n ,  a t  t h e  

c r o s s i n g ,  o f  imminent t r a i n  p r e s e n c e ,  and p r e s e n t a t i o n  o f  app ro -  

p r i a t e  warn ings  t o  t h e  m o t o r i s t .  I t  i s  sometimes u s e f u l  t o  con-  

s i d e r  a s  s e p a r a t e  t h e  i n t e r f a c e  c i r c u i t r y  which connec t s  t h e  b a s i c  

t r a i n  d e t e c t i o n  equipment  t o  t h e  warn ings .  However, t h a t  f u n c t i o n  

i s  o f t e n  p h y s i c a l l y  a  p a r t  o f  t h e  sys tem which de t e rmines  t r a i n  

p r e s e n c e ,  and w i l l  be  s o  t r e a t e d  h e r e .  The b a s i c  p r i n c i p l e s  of  

c o n v e n t i o n a l  t e c h n i q u e s  a r e  e a s i l y  s t a t e d ,  s i n c e  p r a c t i c e s  a r e  

b a s i c a l l y  w e l l  s t a n d a r d i z e d .  The r a i l r o a d s  have always c a r r i e d  

o u t  p h y s i c a l  imp lemen ta t ion  of  p r o t e c t i o n ,  s o  t h a t  t h e  hardware 

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

from r a i l r o a d  s i g n a l  t echno logy  and p r a c t i c e s ,  and have been  con-  

s t r a i n e d  th rough  e s t a b l i s h m e n t  o f  i n d u s t r y  (AAR) s t a n d a r d s ,  s p e c i -  

f i c a t i o n s ,  and r e q u i s i t e s .  

T r a i n  D e t e c t i o n  

A b r i e f  r ev i ew o f  t h e  h i s t o r y  and s t a t e  of  t h e  a r t  o f  such  

sys t ems  has  r e c e n t l y  been g i v e n  e l ~ e w h e r e , ~  and w i l l  n o t  be 

r e p e a t e d  h e r e .  However, c e r t a i n  c r i t i c a l  a s p e c t s  d e s e r v e  emphas is .  

The most fundamenta l  and u n i v e r s a l  c h a r a c t e r i s t i c  o f  a c t i v e  p r o t e c -  

t i o n  i s  u s e  of  t h e  t r a c k  c i r c u i t  f o r  t r a i n  d e t e c t i o n .  Inven ted  f o r  

g e n e r a l  r a i l r o a d  s i g n a l  pu rposes  i n  1872,  i t  forms t h e  b a s i s  of 

b l o c k  s i g n a l  t e c h n o l o g y ,  and was f i r s t  a p p l i e d  t o  g rade  c r o s s i n g s  

i n  1914. The b a s i c  concep t  i s  i l l u s t r a t e d  i n  F i g u r e  1.1. The 

p r i n c i p l e  o f  o p e r a t i o n  i s  q u i t e  e l e g a n t .  The b a t t e r y  a t  one end of  

a  s e c t i o n  o f  t r a c k  - e l e c t r i c a l l y  i s o l a t e d  a t  b o t h  ends - i s  con-  

n e c t e d  t o  a  r e l a y  a t  t h e  o t h e r  e n d ,  u s i n g  t h e  r a i l s  a s  e l e c t r i c a l  
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c o n d u c t o r s ,  and h o l d s  t h e  no rma l ly  c l o s e d  r e l a y  i n  an open p o s i -  

t i o n .  A t r a i n  between t h e  b a t t e r y  and t h e  r e l a y  s h o r t  c i r c u i t s  

t h e  r e l a y ,  and - t h u s  l o s i n g  c u r r e n t  - i t  c l o s e s ,  a c t i v a t i n g  any 

d e s i r e d  warn ing ,  such  a s  a  b e l l ,  l i g h t ,  o r  g a t e .  S e v e r a l  f e a t u r e s  

a r e  p a r t i c u l a r l y  no tewor thy .  Any open c i r c u i t  (b reak )  i n  t h e  r a i l s  

o r  c o n n e c t i o n s ,  o r  any s h o r t  c i r c u i t  a c r o s s  t h e  r a i l s ,  o r  f a i l u r e  

o f  t h e  power s o u r c e  ( b a t t e r y )  c a u s e s  t h e  g r a v i t y - o p e r a t e d  r e l a y  

t o  c l o s e ,  a c t u a t i n g  t h e  warn ings .  Thus, w i t h  r e s p e c t  t o  a l l  p r i -  

mary f a i l u r e  modes, t h e  sys tem i s  f a i l s a f e ,  i n  t h e  s e n s e  t h a t  mal- 

f u n c t i o n  c a u s e s  t h e  most r e s t r i c t i v e  s i g n a l  a s p e c t  - a  fundamenta l  

c r i t e r i o n  f o r  a l l  r a i l r o a d  s i g n a l i n g .  (Ac tua l  ach ievement  of  a  

p r o t e c t i v e  sys t em approx ima t ing  t r u l y  f a i l s a f e  o p e r a t i o n  r e q u i r e s  

v e r y  c a r e f u l  a t t e n t i o n  t o  many d e t a i l s ,  p a r t i c u l a r l y  i n  t h e  more 

complex r e a l i z a t i o n s  now u s e d .  Many y e a r s  o f  e v o l u t i o n a r y  improve- 

ment have  been  r e q u i r e d  t o  p r o v i d e  t h e  h i g h  l e v e l  of per formance  

now a v a i l a b l e .  ) Such a  sys t em a l s o  p r o v i d e s  con t inuous  d e t e c t i o n ,  

i n  t h a t  a  t r a i n  i s  d e t e c t e d  c o n s t a n t l y  w h i l e  i n  t h e  b l o c k .  

The most b a s i c  c r o s s i n g  p r o t e c t i o n  sys t em,  t h e n ,  e n t a i l s  a  

t r a c k  c i r c u i t  on e i t h e r  s i d e  o f  t h e  c r o s s i n g  ("approach c i r c u i t " ) ,  

w i t h  a  t h i r d  c o v e r i n g  t h e  r e g i o n  where t h e  t r a c k s  a c t u a l l y  c r o s s  

t h e  highway ( " i s l a n d  c i r c u i t " ) .  The l e n g t h  of  t h e  approach  c i r -  

c u i t s  must be s u f f i c i e n t  t o  p r o v i d e  2 0  t o  30 seconds  warning f o r  

t h e  f a s t e s t  t r a i n  speeds  a l lowed  - approx ima te ly  o n e - h a l f  m i l e  

( . 8  km.) f o r  a  6 0  MPH ( 9 7  kmph) t r a i n  s ~ e e d  l i m i t .  I n  a d d i t i o n ,  

l o g i c  f u n c t i o n s  - t y p i c a l l y  c a r r i e d  o u t  w i t h  r e l a y s  - a r e  r e q u i r e d  

t o  t e r m i n a t e  a c t i v a t i o n  a f t e r  t h e  t r a i n  has  completed u a s s a g e  of  

t h e  c r o s s i n g ,  p r i o r  t o  i t s  l e a v i n g  t h e  "approach" b l o c k  on t h e  

d e p a r t i n g  s i d e .  Modern r e a l i z a t i o n s ,  u t i l i z i n g  a u d i o  f r equency  

s i g n a l s  r a t h e r  t h a n  D C ,  w i t h  s o l i d  s t a t e  l o g i c ,  have proven  advan-  

t ageous  i n  many l o c a t i o n s ,  b u t  a  number o f  c o n s t r a i n t s  t o  t h i s  

approach  remain .  The t r a c k  segments  i nvo lved  must have e l e c t r i c a l  

i n t e g r i t y  t h roughou t  t h e i r  l e n g t h ,  and i s o l a t i o n  a t  each  end .  A 

s u b s t a n t i a l  q u a n t i t y  o f  power i s  r e q u i r e d  a t  t h e  " b a t t e r y "  end 

(whether  D C ,  A C ,  o r  a u d i o  f r equency)  - a t  l e a s t  s e v e r a l  w a t t s  - and 

t h i s  must be  p r o v i d e d  v i a  s p e c i a l  c a b l e s  o r  e x i s t i n g  t r a c k - s i d e  

power l i n e s .  I n  a d d i t i o n ,  a l l  a c t i v e  e l emen t s  must have emergency 



power - b a t t e r i e s  - a v a i l a b l e  f o r  power o r  f u s e  f a i l u r e s .  The 

c h a l l e n g i n g  n a t u r e  o f  t h e  r a i l r o a d  o p e r a t i n g  environment  - w e a t h e r ,  

t e m p e r a t u r e  e x t r e m e s ,  vanda l i sm - s h o u l d  need  l i t t l e  e l a b o r a t i o n ,  

b u t  i t  i s  a ~ p r o p r i a t e  t o  n o t e  t h e  l e s s  obvious  d i f f i c u l t i e s , . s u c h  

a s  v u l n e r a b i l i t y  t o  l i g h t n i n g  and o t h e r  power s u r g e s ,  and v a r i a t i o n  

of  t h e  e l e c t r i c a l  impedance of  t h e  b a l l a s t  between t h e  r a i l s .  

I n  r e c e n t  y e a r s ,  a  new c l a s s  o f  d e v i c e s  has  been  deve loped ,  

a l s o  based  upon t h e  r a i l s  u sed  a s  c o n d u c t o r s ,  w i t h  t r a i n  d e t e c t i o n  

r e s u l t i n g  from t h e  s h u n t i n g  e f f e c t  of  t h e  t r a i n  wheels  and a x l e s .  

However, t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s ,  and new f u n c t i o n a l  

c a p a b i l i t i e s ,  compared t o  t h e  b a s i c  t r a c k  c i r c u i t .  The concep t  i s  

i l l u s t r a t e d  i n  F i g u r e  1 . 2 ,  and i s  dependent  upon measurement a t  

t h e  c r o s s i n g  o f  t h e  e l e c t r i c a l  impedance between t h e  r a i l s .  

Although t h e  r a i l s  have a  v e r y  low r e s i s t a n c e ,  i t  i s  n o t  z e r o ,  so  

t h a t  a s  a  s h o r t  c i r c u i t  ( a  t r a i n ,  f o r  example) moves toward t h e  

c r o s s i n g ,  t h e  measured impedance d e c r e a s e s .  Thus,  i t  i s  p o s s i b l e  

t o  d e t e r m i n e  n o t  o n l y  t h a t  t h e  b l o c k  i s  o c c u p i e d ,  b u t  whether  t h e  

v e h i c l e  i s  moving, and t h e  d i r e c t i o n  o f  motion - toward o r  away 

from t h e  c r o s s i n g .  In  t h e  s i m p l e r  r e a l i z a t i o n s  o f  t h i s  c o n c e p t ,  

such  d e v i c e s  s e r v e  a s  mot ion  d e t e c t o r s ,  e l i m i n a t i n g  unnecessa ry  

a c t u a t i o n s  when t r a i n s  s t o p  n e a r  a  c r o s s i n g ,  o r  when moving away 

from i t  a f t e r  s t o p p i n g  and r e v e r s i n g .  The more s o p h i s t i c a t e d  forms 

can  measure b o t h  r a n g e  and c l o s i n g  r a t e  w i t h  s u f f i c i e n t  a c c u r a c y  

t o  a c t i v a t e  warn ings  a  f i x e d  t ime  i n t e r v a l  p r i o r  t o  t r a i n  a r r i v a l ,  

r e g a r d l e s s  o f  t r a i n  s p e e d .  Th i s  c o n s t a n t  warn ing  t ime  f e a t u r e  

a p p e a r s  t o  be  h i g h l y  d e s i r a b l e ,  p a r t l y  t o  r e d u c e  unnecessa ry  

m o t o r i s t  d e l a y ,  b u t  - more i m p o r t a n t l y  - i t  a l s o  p r o v i d e s  a f a r  

more p r e c i s e  - and t h u s  more c r e d i b l e  - warn ing ,  and moto'r v e h i c l e  

o p e r a t o r s  appea r  more l i k e l y  t o  obey s i < p n a l s  which e x p e r i e n c e  shows 

t o  be t r u t h f u l .  Such d e v i c e s  r e q u i r e  power o n l y  a t  t h e  c r o s s i n g  

( a  p a s s i v e  t e r m i n a t i o n  i s  needed a t  t h e  end o f  t h e  b l o c k ) ,  b u t  t h e  

more complex v e r s i o n  ( f o r  c o n s t a n t  warn ing  t ime)  a l s o  demands sub -  

s t a n t i a l  power - t e n s  o f  w a t t s .  

I n  summary, t h e  t r a c k  c i r c u i t  approach  i s  w e l l  p roven ,  

e f f e c t i v e ,  and r e l i a b l e ,  b u t  i t  i s  a l s o  r e l a t i v e l y  l a b o r  i n t e n s i v e  





i n  b o t h  i n s t a l l a t i o n  and ma in tenance ,  and i s  t h e r e f o r e  n o t  inexpen-  

s i v e .  Although l a r g e l y  f a i l s a f e ,  sys t em m a l f u n c t i o n  i s  g e n e r a l l y  

n o t  e a s i l y  d i s t i n g u i s h e d  from t r a i n  p r e s e n c e ,  l e a d i n g  t o  an unde- 

s i r a b l y  h i g h  f a l s e  a l a rm r a t e ,  w i t h  u n f o r t u n a t e  impact  upon sys t em 

c r e d i b i l i t y  and m o t o r i s t  r e s p o n s e .  An i n c r e a s i n g l y  s e r i o u s  draw- 

back i s  t h e  i n h e r e n t  i n s e p a r a b i l i t y  o f  t r a c k  c i r c u i t s  from r a i l -  

road  involvement  and r e s p o n s i b i l i t y  f o r  o p e r a t i o n .  I t  i s  c l e a r  

t h a t  t h i s  t e c h n i q u e  - a s  e f f e c t i v e  a s  i t  h a s  proven  f o r  t h e  r a i l -  

r o a d s  - i s  t o t a l l y  i n a p p r o p r i a t e  t o  imp lemen ta t ion  by any non- 

r a i l r o a d  body. Thus,  t o t a l  p u b l i c  r e s p o n s i b i l i t y  f o r  c r o s s i n g  p r o -  

t e c t i o n  can  be a c h i e v e d  ( i f  d e s i r e d )  o n l y  th rough  a l t e r n a t i v e  t e c h -  

no logy ,  f o r  which t h e r e  h a s  p r e v i o u s l y  been  no s t r o n g  demand. 

GUIDELINES FOR RESEARCH IN NEW CONCEPTS 

A b r i e f  examina t ion  makes c l e a r  t h e  a r e a  most a p p r o p r i a t e  f o r  

i n v e s t i g a t i o n ,  i n  terms o f  e f f i c i e n c y  o f  r e s o u r c e  u t i l i z a t i o n .  

The a c t i v e  warning  d e v i c e s  now u s e d ,  w h i l e  p r o b a b l y  n o t  o p t i m a l ,  

do demons t r a t e  i m p r e s s i v e  e f f e c t i v e n e s s  ( a c c i d e n t  r e d u c t i o n )  and 

r e p r e s e n t  a  r a t h e r  s m a l l  p o r t i o n  o f  t h e  expense  o f  c r o s s i n g  p r o -  

t e c t i o n  - t y p i c a l l y  l e s s  t h a n  2 0 %  o f  t o t a l  c o s t s .  The l o g i c  and 

c o n t r o l  c i r c u i t s ,  which now i n c l u d e  many l a r g e  and expens ive  com- 

p o n e n t s ,  o f f e r  s u b s t a n t i a l  p o t e n t i a l  f o r  c o s t  r e d u c t i o n  th rough  u s e  

of  s o l i d  s t a t e  c i r c u i t s ,  modular  d e s i g n ,  e t c .  However, t h i s  avenue ,  

which i n c l u d e s  many s e v e r e  c h a l l a n g e s ,  i s  i n t i m a t e l y  bound t o  

p r e s e n t - d a y  t echno logy  and e x p e r i e n c e ,  and i t  a p p e a r s  t o  be more 

a p p r o p r i a t e  t h a t  such  e f f o r t s  be  c a r r i e d  o u t  p r i m a r i l y  w i t h i n  t h e  

supp ly  i n d u s t r y .  

I t  i s  i n  t e c h n i q u e s  o f  d e t e c t i n g  t r a i n  p r e s e n c e  and communi- 

c a t i n g  such  i n f o r m a t i o n  t o  c r o s s i n g  c o n t r o l  c i r c u i t s  t h a t  t h e r e  

a p p e a r s  t o  be  maximum o p p o r t u n i t y  f o r  meaningfu l  i n n o v a t i o n ,  p a r t i c -  

u l a r l y  i n  view of  t h e  l a r g e  expense  a s s o c i a t e d  w i t h  t h e s e  f u n c t i o n s  

a t  p r e s e n t .  Th i s  c o n c l u s i o n  i s  b u t t r e s s e d  by t h e  knowledge t h a t  

s e n s i n g  and communication o f  i n f o r m a t i o n  a r e  two o f  t h e  most 

h i g h l y  deve loped  a r e a s  o f  modern t e c h n o l o g y ,  and t h e r e f o r e  r e p r e -  

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

which t h e y  have n o t  y e t  been  a p p l i e d  f u l l y .  F u r t h e r ,  t h e  l i m i t e d  



s i z e  of  t h e  g r a d e  c r o s s i n g  hardware marke t  makes major  r e s e a r c h  

i n t o  u n c o n v e n t i o n a l  approaches  economica l ly  u n r e a s o n a b l e  f o r  manu- 

f a c t u r e r s .  Thus,  i t  i s  t h i s  a s p e c t  - t r a i n  d e t e c t i o n  and a c t u a -  

t i o n  o f  m o t o r i s t  warn ings  - t o  which t h e  r e s e a r c h  r e p o r t e d  h e r e  

was d i r e c t e d .  

GUIDELINES FOR SYSTEM CHARACTERISTICS 

The b a s i c  g e n e r a l  c h a r a c t e r i s t i c s  d e s i r a b l e  i n  a  p r o t e c t i v e  

sys t em s h o u l d  be  such  t h a t  t h e  t a s k  i s  accompl ished  e c o n o m i c a l l y ,  

q u i c k l y ,  and e f f e c t i v e l y .  Var ious  a s p e c t s  of  p r e s e n t  t echno logy  

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

c a t e d  i n  t h e  f o l l o w i n g .  

Economy. Examinat ion  o f  t h e  c o s t  e l emen t s  i n  c o n v e n t i o n a l  

i n s t a l l a t i o n s  r e v e a l s  t h a t  a t  l e a s t  h a l f  o f  b o t h  i n i t i a l  and main- 

t e n a n c e  c o s t s  a r e  f o r  l a b o r .  Much of  t h i s  i s  r e l a t e d  t o  t h e  u s e  o f  

c o n v e n t i o n a l  t r a c k  c i r c u i t s ,  which r e q u i r e  e l e c t r i c a l  i n t e g r i t y  and 

i s o l a t i o n  o f  t h e  r a i l s ,  and a d j u s t m e n t  t o  p e r m i t  p r o p e r  o p e r a t i o n  

f o r  a l l  l i k e l y  b a l l a s t  c o n d i t i o n s .  Line power i s  r e q u i r e d  a t  

p o i n t s  1 / 2  t o  1 / 4  m i l e  from t h e  c r o s s i n g ,  and a t t a c h m e n t  t o  t h e  

r a i l s  and power l e a d s  r e q u i r e  c a r e f u l  a t t e n t i o n  t o  e l e c t r i c a l  

s u r g e  p r o t e c t i o n .  Thus,  s i g n i f i c a n t  c o s t  r e d u c t i o n  a p p e a r s  most 

f e a s i b l e  t h rough  c o n s i d e r a t i o n  o f  a l t e r n a t i v e s  t o  t r a c k  c i r c u i t r y .  

Implementa t ion  o f  P r o t e c t i o n .  The c u r r e n t  l e g a l  framework, 

i n v o l v i n g  F e d e r a l ,  S t a t e ,  and r a i l r o a d  money, S t a t e  and l o c a l  d e -  

c i s i o n s ,  and r a i l r o a d  p u r c h a s e  and i n s t a l l a t i o n ,  w i t h  s e v e r a l  de -  

p a r t m e n t s  i n v o l v e d  i n  each  c a s e ,  f r e q u e n t l y  imposes e x c e s s i v e l y  

complex p r o c e d u r a l  r e q u i r e m e n t s ,  and consequent  l e n g t h y  d e l a y ,  

upon imp lemen ta t ion  o f  p r o t e c t i o n .  The h e a r t  o f  t h i s  problem,  t o o ,  

i s  t h e  u s e  o f  t r a c k  c i r c u i t s ,  f o r  i t  i s  t h i s  f a c t o r  which b r i n g s  a  

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

s imp le  p u b l i c  f u n c t i o n :  p r o v i s i o n  of  t r a f f i c  c o n t r o l  d e v i c e s  i n  

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

u s e  o f  t h e  r a i l s  immedia te ly  makes c r o s s i n g  p r o t e c t i o n  hardware 

an  i n t e g r a l  p a r t  o f  t h e  r a i l r o a d ' s  s i g n a l  sys t em,  which - f o r  a  

v a r i e t y  of  l e g a l  r e a s o n s  - can b e  i n s t a l l e d ,  m a i n t a i n e d ,  o r  

r e p l a c e d  o n l y  by r a i l r o a d  p e r s o n n e l .  There i s  no q u e s t i o n  t h a t  



t h e  l e g a l  and l i a b i l i t y  problems a s s o c i a t e d  w i t h  p u b l i c  assumpt ion  

of r e s p o n s i b i l i t y  f o r  c r o s s i n g  p r o t e c t i o n  a r e  r e a l ,  complex, and 

w i l l  r e q u i r e  much t ime  and e f f o r t  f o r  r e s o l u t i o n .  However, t h e s e  

q u e s t i o n s  a r e  b e i n g  f a c e d ,  and i t  i s  p a r t i c u l a r l y  i m p o r t a n t  t h a t  

t echno logy  c o n t r i b u t e  means o f  a t  l e a s t  e l i m i n a t i n g  t h e  t e c h n i c a l  

c o n s i d e r a t i o n s .  

System E f f e c t i v e n e s s .  The s i g n a l s  now used  a r e  w i t h o u t  

doubt  h i g h l y  e f f e c t i v e ,  b u t  t h e r e  i s  some q u e s t i o n  a s  t o  whe the r  

t h e y  r e p r e s e n t  an  o p t i m a l  s o l u t i o n .  F a c t o r s  r e l a t i n g  t o  t h i s  q u e s -  

t i o n  a r e  c u r r e n t l y  t h e  s u b j e c t  o f  DOT and  S t a t e  i n v e s t i g a t i o n .  

However, any p o s s i b l e  improvements i n  t h i s  a r e a  a r e  dependent  upon 

t h e  i n f o r m a t i o n  a v a i l a b l e ,  and t r a c k  c i r c u i t s  r e q u i r e  s i g n i f i c a n t  

a d d i t i o n a l  expense  t o  p r o v i d e  i n f o r m a t i o n  beyond mere t r a i n  p r e -  

s e n c e .  Y e t ,  i n f o r m a t i o n  a s  t o  t r a i n  s p e e d ,  f o r  un i form warning  

t i m e ,  o r  t h e  p o s s i b i l i t y  o f  d i s t i n g u i s h i n g  between sys t em f a i l u r e  

and t r a i n  p r e s e n c e  - b o t h  most i m p ~ r t a n t  t o  s i g n a l  c r e d i b i l i t y  - 
a r e  h i g h l y  d e s i r a b l e  . 

In  t h e  f o l l o w i n g  s e c t i o n s ,  r e s e a r c h  d i r e c t e d  toward l o n y -  

t e rm advances  i n  g r a d e - c r o s s i n g  t echno logy  - w i t h  t h e  above d e -  

s c r i b e d  framework - w i l l  b e  r e p o r t e d .  The b a s i c  concep t  deve loped  

a t  TSC - t h e  microwave communication l i n k  - w i l l  b e  r ev i ewed ,  f o l -  

lowed by a  summary o f  f i e l d  t e s t  r e s u l t s  (based  upon e a r l y  p r o t o -  

t y p e  h a r d w a r e ) ,  a  d i s c u s s i o n  of  s p e c i a l  e l e c t r o m a g n e t i c  propaga-  

t i o n  f a c t o r s ,  o p t i m a l  t r a i n  d e t e c t i o n ,  and s t u d i e s  conce rn ing  t h e  

p o s s i b i l i t y  o f  u t i l i z a t i o n  o f  s o l a r  power. R e l a t e d  r e s e a r c h  on 

t h e  f e a s i b i l i t y  o f  r a d a r  t r a i n  d e t e c t i o n  i s  a l s o  i n c l u d e d .  
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The b a s i c  t e c h n i c a l  framework f o r  t h e  approach  d e s c r i b e d  h e r e i n  

w i l l  b e  found i n  Re fe rence  3 ,  and w i l l  me re ly  be  summarized h e r e .  

A c t i v e  sys tems r e q u i r e  t h e  accomplishment  o f  s e v e r a l  f u n c t i o n s .  The 

o p e r a t i o n  c a n  b e  d e s c r i b e d  i n  te rms  o f  a diagram such  a s  F i g u r e  2 . 1 .  

Var ious  sys tems may combine two o r  more of t h e s e  e l e m e n t s .  With 

t r a c k  c i r c u i t s ,  s e n s i n g  o f  t r a i n  p r e s e n c e  and communication o f  t h a t  

i n f o r m a t i o n  t o  t h e  c r o s s i n g  s i g n a l s  a r e  combined. However, t h e  

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

T r a i n  p r e s e n c e  can  be  de t e rmined  i n  a  v a r i e t y  o f  ways. Cur- 

r e n t l y  a v a i l a b l e  methods ,  a s  w e l l  a s  some nove l  t e c h n i q u e s ,  have 

been  c o n s i d e r e d ,  and w i l l  b e  d i s c u s s e d  i n  d e t a i l  a t  a  l a t e r  p o i n t .  

However, a s  t h i s  i s  an  a r e a  i n  which adequa te  - i f  n o t  t o t a l l y  

s a t i s f a c t o r y  - equipment  c h a r a c t e r i s t i c s  a r e  a v a i l a b l e ,  t h e  p r i ' -  

mary e f f o r t  has  been d i r e c t e d  toward r e a l i z a t i o n  o f  a  s a t i s f a c t o r y  

communication l i n k .  

The communication t a s k  may be  s imp ly  d e f i n e d .  The b a s i c  

r e q u i r e m e n t  i s  t r a n s m i s s i o n  o f  i n f o r m a t i o n ,  a t  a  v e r y  low d a t a  

r a t e ,  ove r  a  d i s t a n c e  t y p i c a l l y  l e s s  t h a n  3000  f e e t  (914 m e t e r s ) .  

The c o n s t r a i n t s  i n d i c a t e d  above must be  met .  One can e a s i l y  

imagine a  number o f  p o s s i b l e  app roaches ,  b u t  most can  be  r u l e d  o u t  

immed ia t e ly .  For example,  t h e  c o s t  o f  underground o r  po le-mounted  

c a b l e ,  i n c l u d i n g  i n s t a l l a t i o n  and ma in tenance ,  i s  p r o h i b i t i v e .  Of 

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

n e r a b l e  t o  envi ronment  f o r  t h e  r ange  c o n s i d e r e d  - d u s t ,  snow, mud, 

f o g ,  i c e ,  v e g e t a t i o n ,  e t c .  a l l  c o u l d  d r a s t i c a l l y  i n t e r f e r e  w i t h  

p r o p e r  o p e r a t i o n .  

On t h e  o t h e r  hand ,  r a d i o  t e c h n i q u e s  a r e  q u i t e  s u i t a b l e .  

Radio communications can  be c a r r i e d  o u t  u s i n g  r e a d i l y  a v a i l a b l e  

a p p a r a t u s  i n  t h e  f r e q u e n c y  r ange  o f  f r a c t i o n s  t o  t e n s  of thousands  

o f  megaher tz .  Reduct ion  o f  e l e c t r o m a g n e t i c  i n t e r f e r e n c e  problems 

and low v u l n e r a b i l i t y  t o  e x t r a n e o u s  s i g n a l s  s t r o n g l y  s u g g e s t  t h e  
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d e s i r a b i l i t y  of  a  l i n e  o f  s i g h t  s y s t e m ,  i n  which s i g n a l s  a r e  

e i t h e r  abso rbed  by o b s t a c l e s  o r  p a s s  t h rough  t h e  ionosphe re  w i t h  

no r e f l e c t i o n .  High f r e q u e n c i e s  a r e  a l s o  d e s i r a b l e  because  o f  

bandwidth ,  f r equency  a l l o c a t i o n ,  and an tenna  s i z e  c o n s i d e r a t i o n s .  

Economical microwave s o u r c e s  and compact ,  h i g h l y  d i r e c t i o n a l  a n t e n -  

n a s  a r e  b e s t  o b t a i n e d  i n  t h e  f r equency  r ange  of  10 t o  20 GHz. 

S i g n i f i c a n t l y  h i g h e r  f r e q u e n c i e s  (above 30 GHz) would i n c r e a s e  

c o s t  s u b s t a n t i a l l y ,  a s  b o t h  o s c i l l a t o r s  and o t h e r  components would 

r e q u i r e  c l o s e r  m a n u f a c t u r i n g  t o l e r a n c e s .  I n  a d d i t i o n ,  above 30 

GHz a t t e n u a t i o n  from heavy r a i n f a l l  can  have  s i g n i f i c a n t  e f f e c t  on 

p r o p a g a t i o n  d i s t a n c e s .  On t h e  o t h e r  hand ,  a t  10 GHz no s e v e r e  p r o -  

blems o c c u r  f o r  r a i n f a l l  o f  l e s s  t h a n  5 t o  10 i n c h e s  p e r  hour  (12 

t o  25 cm p e r  h o u r ) ,  a  r a t e  a t  which m o t o r - v e h i c l e  t r a f f i c  would 

presumably b e  a t  a  s t a n d s t i l l .  An i m p o r t a n t  weakness o f  low f r e -  

q u e n c i e s  (below 1 GHz) i s  t h e  l a c k  o f  d u r a b l e ,  s m a l l ,  h i g h l y  d i -  

r e c t i o n a l  a n t e n n a s  - u s e  o f  a  narrow beam can  i n c r e a s e  sys tem 
6 e f f i c i e n c y  by a  f a c t o r  o f  l o 3  t o  10 when b o t h  t r a n s m i s s i o n  and 

r e c e p t i o n  a r e  c o n s i d e r e d .  

C o n s i d e r a t i o n s  of t h i s  t y p e  l e a d  t o  t h e  c o n c l u s i o n  t h a t  t h e  

most p r a c t i c a l  means o f  r e a l i z i n g  t h e  communication f u n c t i o n  i s  i n  

t h e  form of  a  s i m ~ l e  microwave t e l e m e t r y  l i n k ,  i n  which t h e  s h o r t  

r ange  and low i n f o r m a t i o n  r a t e  r e q u i r e d  make ~ o s s i b l e  a  s i m p l e ,  

h i g h l y  r e l i a b l e ,  and low c o s t  sys t em.  

2 . 2  THE BASIC CONCEPT 

The b a s i c  sys t em concep t  deve loped  and r e a l i z e d  a t  TSC 

w i t h i n  t h e  above framework i s  i n d i c a t e d  i n  F i g u r e  2 . 2 .  I t  con-  

s i s t s  o f  a  s o l i d - s t a t e  microwave t r a n s m i t t e r  a t  t h e  t r a i n  d e -  

t e c t i o n  p o i n t  ( t y p i c a l l y  1 / 4  t o  1 / 2  m i l e  from t h e  c r o s s i n g )  w i t h  

a  r e c e i v e r  a t  t h e  c r o s s i n g .  The normal ( t r a i n  a b s e n t )  c o n d i t i o n  

i s  w i t h  t h e  t r a n s m i t t e r  o n ,  w i t h  p u l s e  modu la t ion  o f  low enough 

d u t y  c y c l e  t o  n r o v i d e  minimal power consumption - t y p i c a l l y  l e s s  

t h a n  1%. A t  t h e  r e c e i v e r ,  t h i s  s i g n a l  i s  d e t e c t e d  and p r o c e s s e d  

t o  ~ r o v i d e  an o u t p u t  v o l t a g e  a s  l ong  a s  a  s i g n a l  i s  r e c e i v e d .  I n  

t h e  absence  of  such  a  s i g n a l ,  f o r  wha teve r  r e a s o n ,  t h e r e  w i l l  be  

no o u t p u t ,  and warnings  a r e  a c t i v a t e d  t o  p r o v i d e  f a i l s a f e  o n e r -  

a t i o n .  One cou ld  mere ly  a r r a n g e  t o  t u r n  t h e  t r a n s m i t t e r  comple t e ly  ' 





o f f  when a  t r a i n  p a s s e s ,  b u t  i t  i s  h i g h l y  d e s i r a b l e  t h a t  t h e r e  

be  a  d e t e c t a b l e  d i f f e r e n c e  between sys tem f a i l u r e  and t r a i n  

p r e s e n c e .  Thus,  t h e  t r a i n - p r e s e n c e  c a s e  i s  i n d i c a t e d  by a  

change i n  t h e  modu la t ion ,  r a t h e r  t h a n  t o t a l  absence  of  s i g n a l .  

The r e c e i v e r  a l s o  h a s  an i n p u t  from a  t r a i n  d e t e c t o r  a t  t h e  

c r o s s i n g ,  s o  t h a t  i t  i s  r e s e t  t o  t r a i n  absence  ( t h e  warnings  a r e  

d e - a c t i v a t e d )  upon comple t ion  of  t r a i n  p a s s a g e  by t h e  c r o s s i n g .  

A s  i s  t h e  c a s e  f o r  t r a c k  c i r c u i t s ,  a ~ p r o p r i a t e  l o g i c  i s  n e c e s s a r y  

t o  keep t r a c k  of  t r a i n  p r e s e n c e ,  d i r e c t i o n ,  e t c .  i n  m u l t i p l e  

t r a c k  s i t u a t i o n s .  

2 . 3  ELABORATIONS O N  THE BASIC CONCEPT 

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

c h a r a c t e r i s t i c s  must be  ach ieved  i n  a  p r a c t i c a l ,  f u l l y  o p e r a t i o n a l  

r e a l i z a t i o n .  I t  i s  d e s i r a b l e  t o  have a  s i g n i f i c a n t  number o f  

a l t e r n a t i v e  modu la t ion  modes t o  p e r m i t  communication of  a  v a r i e t y  

o f  d a t a .  For example,  one c o u l d  u s e  a  " c l e a r "  ( t r a i n  a b s e n t )  

mode, a  s econda ry  " c l e a r "  which i n d i c a t e s  i n  a d d i t i o n  a  ~ o t e n t i a l  

t r a n s m i t t e r  m a l f u n c t i o n  (low b a t t e r y ,  h i g h  VSWR, e t c . ) ,  and ( f o r  

example) f o u r  d i f f e r e n t  c a s e s  of  t r a i n  p r e s e n c e .  These might  

p r o v i d e  f o u r  r a n g e s  o f  t r a i n  s p e e d ,  t r a i n  d i r e c t i o n  on two t r a c k s ,  

e t c .  Such a  mu l t ip l e -mode  sys tem s h o u l d  b e  des igned  i n  a  manner 

t o  p e r m i t  v e r y  f l e x i b l e  u s e ,  s o  t h a t  a  wide v a r i e t y  o f  sys tem 

c o n f i g u r a t i o n s  can  u t i l i z e  t h e  same b a s i c  hardware .  A m u l t i p l i c i t y  

o f  such  modes i s  e a s i l y  o b t a i n e d  by d i g i t a l  cod ing .  

I t  i s  d e s i r a b l e  t h a t  t h e  r e c e i v e r  have  a  s p e c i a l  o u t p u t  t o  

i n d i c a t e  sys t em m a l f u n c t i o n  f o r  any modu la t ion  o t h e r  t h a n  t h o s e  

i n t e n d e d ,  i n c l u d i n g  z e r o ,  o r  i n a d e q u a t e  r e c e i v e d  s i g n a l  Dower. 

Once a  t r a i n - p r e s e n c e  i n d i c a t i o n  i s  r e c e i v e d ,  t h e  r e c e i v e r  s h o u l d  

t h e n  i n d i c a t e  t h e  " t r a i n  p r e s e n t f '  c o n d i t i o n  and c o n t i n u e  t o  do s o  

u n t i l  r e s e t .  Rese t  s i g n a l  w i l l  no rma l ly  be  p r o v i d e d  by a  con- 

n e c t i o n  t o  a  t r a i n  s e n s o r  l o c a t e d  a t  t h e  c r o s s i n g .  To i n s u r e  t h a t  

t h e  e n t i r e  t r a i n  has  comple t e ly  p a s s e d  o v e r  t h e  c r o s s i n g ,  r e s e t  

s h o u l d  n o t  o c c u r  u n t i l  t h e  s e n s o r  h a s  d e t e c t e d  no t r a i n  f o r  

s e v e r a l  s e c o n d s .  



To c o n t r i b u t e  t o  f a i l s a f e  o ~ e r a t i o n ,  a l l  i n f o r m a t i o n  i n p u t s  

t o  b o t h  r e c e i v e r  and t r a n s m i t t e r  a r e  b e s t  d e s i g n e d  t o  cause  a c -  

t i v a t i o n  of  t h e  a p p r o p r i a t e  c i r c u i t  when removed f o r  a  ~ e r i o d  o f  

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

r e c e i v e r ,  i n t e n d e d  t o  i n d i c a t e  p a s s a g e  of  a  t r a i n  t h rough  t h e  

c r o s s i n g ,  many t r a i n - s e n s i n g  means p r o v i d e  a  r e s e t  s i g n a l  when 

t h e  t r a i n  a r r i v e s  a t  t h e  c r o s s i n g .  I t  i s  t h e r e f o r e  n e c e s s a r y ,  a s  

d e s c r i b e d  above ,  t h a t  t h e  r e c e i v e r  n o t  a c t u a l l y  r e s e t  ( imply ing  

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

o f  t h e  r e s e t  i n d i c a t i o n ,  i n d i c a t i n g  comple t ion  o f  t r a i n  Dassage.  

Thus,  r e s e t t i n g  o f  t h e  r e c e i v e r  r e q u i r e s  n o t  o n l v  removal o f  a  

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

such  a  v o l t a g e ,  f o l l o w e d  by a  b r i e f  w a i t i n g  p e r i o d  t o  e n s u r e  t h a t  

t h e  t r a i n  has  i ndeed  p a s s e d .  (Many t r a i n  s e n s o r s  p r o v i d e  a  p u l s e  

f o r  each  whee l ,  s o  t h a t  a  sequence  of  s i g n a l s  i s  p r o v i d e d  t o  t h e  

r e c e i v e r  .) 

Two o r  more g r a d e  c r o s s i n g s  f r e q u e n t l y  o c c u r  f a i r l y  c l o s e  t o  

one a n o t h e r .  A r e c e i v e r  p l a c e d  a t  one c r o s s i n g  c o u l d  c o n c e i v a b l y  

be exposed t o  s i g n a l s  from a  second t r a n s m i t t e r  n o t  nominal ly  p a r t  

o f  t h a t  sys t em.  I t  i s  i m p o r t a n t  t h a t  t h e r e  be no " c r o s s t a l k "  

~ r o b l e m ;  t h e  n e c e s s a r y  d i s c r i m i n a t i o n  can  be a c h i e v e d  th rough  

a ~ p r o p r i a t e  c o d i n g .  

Another  o p e r a t i o n a l  c o n s i d e r a t i o n  i s  t h e  p o s s i b i l i t y  t h a t  a  

v e r y  r a p i d l y  moving s e l f - p r o p e l l e d  r a i l  v e h i c l e  c o u l d  p a s s  t h e  

t r a i n - s e n s i n g  p o i n t  i n  l e s s  t h a n  one second .  I t  i s  n e c e s s a r y  t h a t  

t h e  t r a n s m i t t e r  s t a y  i n  t h e  a p p r o p r i a t e  mode f o r  an  i n t e r v a l  s u f -  

f i c i e n t l y  l ong  t o  p r e c l u d e  any e r r o r  a t  t h e  r e c e i v e r ,  even i f  a  

b u r s t  o f  h i g h - i n t e n s i t y  n o i s e  s h o u l d  happen t o  o c c u r  j u s t  s i m u l -  

t a n e o u s l y  w i t h  a  t r a n s m i t t e d  s i g n a l  b u r s t .  I t  a p p e a r s  h i g h l y  

d e s i r a b l e ,  t h e r e f o r e ,  t h a t  a t  l e a s t  s e v e r a l  b u r s t s  of  a  t r a i n  

p r e s e n c e  mode be t r a n s m i t t e d  any t ime t h a t  mode i s  a c t i v a t e d  a t  

a l l .  A l t e r n a t i v e l y ,  a  v e r y  slow-moving t r a i n  might  p r e s e n t  wheel -  

p a s s a g e  p u l s e s  spaced  s e v e r a l  seconds  a D a r t ,  and i t  i s  f u r t h e r  

p o s s i b l e  t h a t  t h e  f r o n t  o f  such  a  t r a i n  might  s i m u l t a n e o u s l y  be a t  

t h e  c r o s s i n g ,  p r o v i d i n g  p o t e n t i a l  r e s e t  s i g n a l s .  I t  i s  n e c e s s a r y  

t h a t  t h e  t e l e m e t r y  sys t em have s u f f i c i e n t  d e l a y s  o r  memory t o  cope 

w i t h  s u c h  s i t u a t i o n s .  



For c a s e s  i n  which t r a c k  c u r v a t u r e  and topography p r e v e n t  

l i n e - o f - s i g h t  o p e r a t i o n ,  r e p e a t e r  s t a t i o n s  may be a p p r o p r i a t e .  

S i m i l a r  c o n s i d e r a t i o n s  a r i s e  i n  t h e  v i c i n i t y  o f  s i d i n g s ,  e t c .  

As i s  t h e  c a s e  f o r  t r a c k  c i r c u i t s ,  problems of non-uni form t r a i n  

movements, s w i t c h i n g ,  e t c .  p r o v i d e  d i f f i c u l t i e s ,  and i t  w i l l  be  

n e c e s s a r y  t o  de t e rmine  t h e  o ~ t i m a l  means of  d e a l i n g  w i t h  them. 

S u b s t a n t i a l  b e n e f i t  a p p e a r s  t o  be  a s s o c i a t e d  w i t h  t h e  b r o a d e r  

i n f o r m a t i o n a l  c a p a b i l i t y  o f  t h e  t e l e m e t r y  sys tem.  

2 .4  DEVELOPMENTAL STUDIES 

A f t e r  c o n s t r u c t i o n  o f  s e v e r a l  g e n e r a t i o n s  o f  l a b o r a t o r y  p r o -  

t o t y p e s  a t  TSC, two somewhat more s o p h i s t i c a t e d  microwave t e l e m e t r y  

sys tems were developed  unde r  TSC c o n t r a c t s  by commercial s u p p l i e r s .  

One, b u i l t  by S a f e t r a n  Systems Corp . ,  u t i l i z e s  10 msec b u r s t s  o f  
- 1 1 kHz m o d u l a t i o n ,  w i t h  a  b u r s t - r e p e t i t i o n  f r equency  o f  2 s e c  

f o r  t r a i n  a b s e n c e ,  and 2 . 2  kHz modu la t ion  ( o t h e r  pa rame te r s  t h e  

same) f o r  t r a i n  p r e s e n c e .  D i s c r i m i n a t i o n  i n  t h e  r e c e i v e r  i s  v i a  

f i l t e r s  and tuned  a m p l i f i e r s  f o r  each  of  t h e  two c h a n n e l s .  The 

o t h e r  d e s i g n ,  c o n s t r u c t e d  by Rantec D i v i s i o n  o f  Emerson E l e c t r i c  

Co. ,  u s e s  t h e  same modu la t ion  f r equency  i n  b o t h  c a s e s  - 100 kHz, 

( t o  minimize l / f - n o i s e )  - w i t h  0.12 msec b u r s t s  f o r  t r a i n  absence  

and .26  msec b u r s t s  f o r  t r a i n  Dresence .  The b u r s t  r e p e t i t i o n  

. 
f r e q u e n c y  - i n  each  mode i s  \ 3 ' lHz ,  and d i s c r i m i n a t i o n  i s  v i a  d i g i t a l  
c i r c u i t r y .  A b locE d iagram i s  shown i n  F i g u r e  2 .3 .  

Both sys t ems  u s e  Gunn d i o d e  o s c i l l a t o r s  i n  t h e  t r a n s m i t t e r ,  

w i t h  s i m p l e  s i n g l e - d i o d e  v i d e o  d e t e c t i o n  i n  t h e  r e c e i v e r .  More 

comple te  d e s c r i p t i o n s  a r e  g i v e n  i n  t h e  Appendix. I t  must b e  empha- 

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

w a r e ,  d e s i g n e d  t o  demons t r a t e  b a s i c  concep t  f e a s i b i l i t y  and d e l i n e -  

a t e  sys t em p a r a m e t e r s .  I n  a d d i t i o n ,  t h e y  were c o n s t r u c t e d  under  

e x t r e m e l y  t i g h t  t ime  s c h e d u l e s .  Thus,  t h e y  were n o t  i n t e n d e d  t o  

r e p r e s e n t  e i t h e r  t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  o r  t h e  s o p h i s t i -  

c a t i o n  of  c i r c u i t  d e s i g n  a p p r o p r i a t e  t o  a  f i n a l  sys tem.  Both s y s -  

tems o p e r a t e  a t  a  r a d i a t e d  power l e v e l  of  app rox ima te ly  100 mW 

peak .  The v e r y  low-du ty  c y c l e  compensates  f o r  t h e  i n h e r e n t  i n e f -  

f i c i e n c y  of  t h e  o s c i l l a t o r s ,  and t h e  u n i t s  d e l i v e r e d  show a n  a v e r -  

age  power consumption of  l O O m W  i n  one c a s e  and 300 mW f o r  t h e  o t h e r ,  

o p e r a t i n g  from a 1 2  V DC s o u r c e .  I t  i s  a n t i c i p a t e d  t h a t  t h i s  
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can  be reduced  s u b s t a n t i a l l y  by improved c i r c u i t r y  and  a  d i f f e r e n t  

c h o i c e  of  supp ly  v o l t a g e  ( t o  e l i m i n a t e  t h e  n e c e s s a r y  l o w - e f f i c i e n c y  

power c o n d i t i o n i n g . )  Thus,  t h e  g o a l  of  o p e r a t i o n  from b a t t e r i e s  

a l o n e ,  w i t h  a t t e n d a n t  r educed  i n s t a l l a t i o n  c o s t s ,  a p p e a r s  r e a d i l y  

o b t a i n a b l e .  The t o t a l  ene rgy  d r a i n  of  app rox ima te ly  1 kW-hour p e r  

y e a r  can  be  met t h rough  annua l  ma in t enance ,  and i s  w e l l  w i t h i n  t h e  

l i m i t s  of ve ry  c o n s e r v a t i v e l y  r a t e d  s m a l l  s o l a r  p a n e l s  f o r  r e -  

c h a r g i n g .  

The a n t e n n a s  u t i l i z e d  a r e  i nconsp icuous  p l a n a r  u n i t s ,  1 2 "  x  

1 2 "  x  I", hav ing  a  g a i n  o f  2 7  dB a t  t h e  o p e r a t i n g  f r equency  o f  

10 .525  GHz and a  beamwidth of  app rox ima te ly  60.  See F i g u r e  2 .4 .  

They were d e s i g n e d  and c o n s t r u c t e d  by AIL D i v i s i o n  of  C u t l e r -  

Hammer. The d e s i g n  p r i n c i p l e s  and d e t a i l s  o f  v e r y  s i m i l a r  a n t e n -  

nas  a r e  d e s c r i b e d  e l s e w h e r e .  For  t h i s  a p p l i c a t i o n  t h e y  were en-  

c a s e d  i n  a  Lexadaluminum e n c l o s u r e  which p r o v i d e s  an  ex t r eme ly  

rugged  s t r u c t u r e .  

2 .5  FIELD TESTS 

S u b s t a n t i a l  t e s t i n g  has  been  c a r r i e d  o u t .  I n i t i a l l y ,  a l a b o r a -  

t o r y  p r o t o t y p e  sys t em was o p e r a t e d  between t h e  r o o f  o f  TSC and a  

2 0 - s t o r y  o f f i c e  b u i l d i n g  1 / 4  m i l e  d i s t a n t  f o r  app rox ima te ly  f o u r  

months.  The re  were no c i r c u i t  f a i l u r e s ,  a l t h o u g h  one s o l i d  s t a t e  

o s c i l l a t o r  had t o  b e  r e p l a c e d  because  of damage r e s u l t i n g  from i n a -  

d e q u a t e  wea the r  p r o t e c t i o n .  A l s o ,  r e l a t i v e l y  h i g h  power consump- 

t i o n  i n  t h i s  e a r l y  u n i t  r e s u l t e d  i n  some b a t t e r y  problems.  

The commerc ia l ly  d e s i g n e d  and c o n s t r u c t e d  u n i t s  d e s c r i b e d  

above were s u b j e c t e d  t o  e x t e n s i v e  f i e l d  t e s t i n g ,  a s  d e s c r i b e d  

i n  S e c t i o n  3 .  The means o f  t r a i n  d e t e c t i o n  employed, and t e s t i n g  

of  a v a r i e t y  o f  d e v i c e s ,  a r e  cove red  i n  S e c t i o n  4 ,  and s p e c i a l  

s t u d i e s  conce rned  w i t h  microwave p r o v a g a t i o n  - p a r t i c u l a r l y  m u l t i -  

p a t h  problems - a r e  t r e a t e d  i n  S e c t i o n  5 .  T e s t  a c t i v i t i e s  r e l a t e d  

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

d e s c r i b e d  i n  S e c t i o n  6 .  
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3,  FIELD TESTS 

3 . 1  GENERAL DESCRIPTION 

I n  o r d e r  t o  g a i n  a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  Droblems 

a s s o c i a t e d  w i t h  u s i n g  s h o r t - r a n g e  microwave t e l e m e t r y  sys tems i n  

a  r a i l r o a d  env i ronmen t ,  a  s e r i e s  o f  ex t ended  f i e l d  t e s t s  was 

i n i t i a t e d  i n  February  o f  1972.  The ~ u r p o s e  was - n o t  t o  u se  t h e  

sys tem t o  a c t i v a t e  m o t o r i s t  w a r n i n g s ,  b u t  r a t h e r  t o  t e s t  t h e  system 

o v e r  an ex tended  t ime p e r i o d  ( a t  l e a s t  one y e a r )  i n  a  r e a l i s t i c  

env i ronmen t .  

Four d i f f e r e n t  t e s t - s i t e  g r a d e  c r o s s i n g s  were s e l e c t e d .  

Each was on m a i n l i n e  t r a c k  o f  t h e  Boston and Maine R a i l r o a d .  

Each c r o s s i n g  had a c t i v e  p r o t e c t i o n ,  e i t h e r  g a t e s  o r  f l a s h i n g  

l i g h t s ,  a c t i v a t e d  by u s e  o f  a  DC t r a c k  c i r c u i t .  The g o a l  was 

t o  mon i to r  b o t h  t h e  microwave sys t em and t h e  BGM t r a c k  c i r c u i t ,  

i n  o r d e r  t o  measure t h e  per formance  o f  t h e  microwave sys t em 

a g a i n s t  t h a t  o f  t h e  t ime-p roven  t r a c k  c i r c u i t .  A t  each  r e c e i v e r  

an e v e n t  r e c o r d e r  was i n s t a l l e d ,  and o u t p u t  s i g n a l s  from t h e  

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

p e r t i n e n t  d a t a .  For t e s t  p u r p o s e s ,  t h e  BEM a l lowed  a c c e s s  t o  a  

f r o n t  and back c o n t a c t  p a i r  o f  t h e i r  X R ,  ESR, and WSR c r o s s i n g  

r e l a y s  a t  each  t e s t  s i t e .  The t e s t  s i t e s  c o n t a i n  a  wide r ange  

of p o s s i b l e  s i t u a t i o n s :  s i n g l e  and doub le  t r a c k ,  r u r a l  and u rban  

a r e a s ,  and h i g h  speed  a s  w e l l  a s  low sneed  c r o s s i n g s  a r e  a l l  

r e p r e s e n t e d .  I n  a d d i t i o n  t o  t h e  r e l a y  c o n t a c t s  d e s c r i b e d  above ,  

t h e  BEM a l s o  f u r n i s h e d  t h e  n e c e s s a r y  p o l e s ,  b o x e s ,  d r i l l i n g  and 

e l e c t r i c  power t h a t  was r e q u i r e d  f o r  t h e  t e s t s .  

I n  t h e  f i r s t  t e s t  i n s t a l l a t i o n ,  t h e  1 s q .  f t .  p l a n a r  a n t e n n a s  

were n o t  a v a i l a b l e ,  s o  2 '  p a r a b o l i c  d i s h  a n t e n n a s ,  were used .  

The t r a n s m i t t e r  was l o c a t e d  on t o p  o f  a  p o l e  a l r e a d y  p r e s e n t  

a s  p a r t  of t h e  r a i l r o a d  b l o c k  s i g n a l  sysem, a s  shown i n  
F i g u r e  3 . 1 .  The s t o r a g e  b a t t e r y  and t r a i n  d e t e c t o r  i n t e r f a c e  c i r -  

c u i t r y  was mounted i n  t h e  s m a l l  c a s e  a t  t h e  bot tom of  t h e  p o l e .  

The r e c e i v e r ,  s h o l ~ n  i n  F i g u r e  3 . 2 ,  was mounted on a  20 '  n o l e ,  w i t h  

b a t t e r i e s ,  e v e n t  r e c o r d e r s ,  and i n t e r f a c e  c i r c u i t r y  i n  t h e  l a r ~ e  

equipment  box. 



Figure  3 . 1  Transmi t t e r  I n s t a l l a t i o n  - F i r s t  Tes t  S i t e  



Figure  3 . 2  Receiver I n s t a l l a t i o n  - F i r s t  Test  S i t e  



In the installation of Figure 3.2 train direction and presence are 

sensed by the two magnetic wheel flange detectors bolted to 

the rail. As discussed in a later section a variety of different 

train sensors were used and the type shown here is only one of sev- 

eral tried. Commercial electric power was not used at the trans- 

mitter. Rather, an automobile storage battery was used as the main 

power source. A single such battery driving this load would have 

a design discharge time of about 9 months, but each battery was 

removed and re-charged once every three months. 

In the later installations, for which the planar antenna was used, 

the transmitter installation was as seen in Figure 3.3, and the 

receivers were mounted on 14'-18' poles. Figure 3.4 shows a case 

in which the receivers for both directions were actually mounted 

on topof the flashing-light poles. In this case the batteries, 

recorders, etc. were in a nearby railroad relay case, connected 

by cables. At the receiver commercial electric power was used, 

powering a battery charger which kept a back-up storage battery at 

a full charge. The activation and malfunction outputs from the 

receiver, the status of the BEM XR crossing relay, the status of 

the resetting train sensors and the status of other train sensors 

under test were all monitored continuously by use of a paper-tape 

event recorder. Every two weeks the systems under test were manu- 

ally checked and the tapes were changed and brought back to TSC 

for analysis. A block diagram of the system is shown in Figure 3.5a. 

The field tests were operational for a total of approximately 

35,000 hours (8000 hours per system) and the specific results, pro- 

blem areas and prelininary conclusions are described below. 

3.2 RESULTS 

3.2.1 Environmental Effects 

During the test the experimental systems were exposed to bliz- 

zards, hurricanes, and other weather extremes. At no time has the 

weather caused the system to malfunction or give a false indication. 



Figure 3.3 Transmitter Installation - Typical of Later Sites 

3 - 5  



Figure 3 . 4  Receiver I n s t a l l a t i o n  - Typical  of La te r  S i t e s  

3 - 6  



RESETTING SIGNAL 
TO RECEIVER 
ON THE POLE 

1 
- XTR INPUT 

FROM B&bl R.R. 

Block Diaqram o f  a Typical Receiver Installation 

POWER 
TO TRANSPlIT 
ON TOP OF THE POLE 

SOLAR 
CELLS 
ON TOP 
OF POLE 

T 
ACTIVATION 
INPUT TO TRANSMITTER 
ON TOP OF THE POLE 

DC-DC 
CONVERTER 

ACTIVATION 
CONTROL 
CIRCllIT I 

SENSOR U 1  SENSOR '12 

F i g u r e  3 .5a  Block Diagram of F i e l d  T e s t  I n s t a l l a t i o n s  



A carrier frequency of 10 GHz provides a signal which is reasonably 

impervious to rain, fog, snow, etc. All of the electronic compon- 

ents in the transmitters and receivers, except the Gunn-effect mi- 

crowave source, have an operating temperature range of -55 to 125 

degrees C and an operating range for humidity of 0 to 100 per cent. 
The overall electronic design also compensates for temperature 

variations as well. The transmitters, receivers, and antennas were 

all packaged in watertight enclosures. Thus problems with weather 

extremes were neither anticipated nor experienced. 

However, a potential problem with the microwave source was 

noted. It was observed that at low temperatures, the diode would 

often miss pulses. That is, the device would fail - momentarily 
to oscillate. This effect is shown in the oscillographs of Figure 

3 . 5 b .  The particular traces shown are the responses of the Safetran 

unit, but similar effects were also noticed with the Rantec unit. 

During our tests the telemetry link never failed to operate 

correctly. The design of both receivers allows correct operation 

even if a few pulses are missing from the transmitted pulse train. 

This problem has been discussed with manufactures of solid- 

state oscillators. One relevant factor is that the operating vol- 

tage region - -  the region within which the diode oscillates, cor- 
responding to the negative resistance section of the diodes I-V 

carve - -  is a function of temperature. Both the upper and lower 

limits of that region are inversely proportional to the diode's 

ambient temperature in degrees Kelvin. Thus, during cold weather 

the minimum driving voltage for oscillation increases. The pro- 

blem is complicated by the fact that the ambient temperature of 

the diodes is constantly changing due to localized heating during 

pulses. The problem is even further complicated by an aging pro- 

cess which also shifts the I-V curves. It was not possible to de- 

termine details concerning this aging process (most manufacturers 

consider this information proprietary), but it appears that up to 

some leveling-off point, as age increases, both the upper and lower 

limits of the operating voltage region also increase. Most manu- 

facturers do "burn in" their most expensive Gunn diodes for about 
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F i g u r e  3.5b O s c i l l o g r a p h s  o f  D r i v i n g  Vo l t age  and Microwave 
D e t e c t e d  Output  f o r  S a f e t  ran  .System 

3 - 9  



1,000 h o u r s .  These t h r e e  f a c t o r s  i n d i c a t e  t h a t  what i s  needed i s  

a  d e v i c e  t h a t  h a s  a s  wide an  o s c i l l a t o r y  v o l t a g e  r ange  a s  p o s s i b l e ,  

s o  t h a t  when l a r g e  changes  i n  t e m p e r a t u r e  o r  even  a g i n g  c a u s e s  t h e  

l i m i t s  t o  s h i f t ,  t h e  f i x e d  d r i v i n g  v o l t a g e  w i l l  s t i l l  remain w i t h -  

i n  a c c e p t a b l e  l i m i t s  f o r  o s c i l l a t i o n .  Measurements were t a k e n  on 

Gunn d i o d e s  from f i v e  d i f f e r e n t  m a n u f a c t u r e r s  and one was c l e a r l y  

s u p e r i o r  w i t h  a n  o p e r a t i n g  v o l t a g e  r ange  of  6 v o l t s  t o  24 v o l t s ,  

a t  room t e m p e r a t u r e .  A l l  o f  t h e  Gunn d i o d e s  were r e p l a c e d  w i t h  

u n i t s  from t h a t  manufac tu re r  and t h e r e  have been  no problems w i t h  

m i s s i n g  p u l s e s  e v e r  s i n c e  t h a t  t i m e .  

3 . 2 . 2  Mechanical  Breakage 

There  have been some problems w i t h  mechanica l  b reakage .  One 

of  t h e  a n t e n n a s  a t  an  e a r l y  t e s t  s i t e  was broken  o f f  t h e  mount by 

v a n d a l s .  Because of  t h i s  e x p e r i e n c e  and because  vandal i sm i s  

g e n e r a l l y  a  s e v e r e  r a i l r o a d  problem,  s t e p s  were t h e n  t a k e n  t o  make 

t h e  hardware a s  v a n d a l  p r o o f  a s  p o s s i b l e .  A l l  o f  i t  was t h e n  en -  

c l o s e d  i n  e i t h e r  a  s t e e l  o r  l e x a n  c a s e ,  and t h e r e  were no s u b -  

s e q u e n t  problems due t o  vanda l i sm.  Near one t e s t  s i t e ,  a  BEM 

r e l a y  c a s e  was smashed open by v a n d a l s ,  b u t  t h e  microwave u n i t  

w i t h  t h e  new ~ r o t e c t i o n  was n o t  damaged a t  a l l .  

About one week a f t e r  t h e  f i r s t  p r o t o t y p e  u n i t  was i n s t a l l e d  

an i n t e r n a l  e l e c t r i c a l  c o n n e c t i o n  b roke  and t h e  u n i t  was r e t u r n e d  

t o  t h e  m a n u f a c t u r e r .  The u n i t  was r e p a i r e d ,  r e t u r n e d  t o  TSC and 

t h e n  r e - i n s t a l l e d .  S i n c e  t h a t  t ime t h e r e  has  been  no t r o u b l e  w i t h  

broken c o n n e c t i o n s .  I t  would appea r  t h a t  t h i s  problem was p e c u l i a r  

t o  t h a t  o r i g i n a l  u n i t  and n o t  a  g e n e r a l  problem a r e a .  

I n  ove r  20,000 hour s  o f  f i e l d  t e s t i n g  s i n c e  t h o s e  e a r l y  

f a i l u r e s  were d i s c o v e r e d ,  t h e r e  h a s  been no r e c u r r e n c e s  and 

n e i t h e r  has  r e c u r r e d  s i n c e  t h e  u n i t s  were mod i f i ed .  F i g u r e  3 . 6  

shows a  photograph  of  t h e  t r a n s m i t t e r  assembly c o m ~ l e t e  w i t h  s o l a r  

p a n e l s .  The i n t e r i o r  o f  t h i s  assembly  i s  shown i n  F i g u r e  3 . 7 .  

3 . 2 . 3  I n t e r f e r e n c e  

I n t e r f e r e n c e  from s p u r i o u s  r a d i o  f r equency  s o u r c e s  has  n o t  

been a  problem. The sys tems have been o p e r a t e d  s u c c e s s f u l l y  i n  

t h e  c e n t e r s  o f  towns ,  a d j a c e n t  t o  r a i l r o a d  r e l a y  c a s e s ,  benea th  



Figure 3.6 Complete Transmitter Assembly, Including 1 Sq. Ft. Planar 
Antenna and Solar Cell Panel 



F i g u r e  3 . 7  I n t e r i o r  o f  T r a n s m i t t e r  Assembly 



h i g h  v o l t a g e  e l e c t r i c  power f e e d  l i n e s ,  and a d j a c e n t  t o  i n d u s t r i a l  

p a r k s  w i t h  f a c t o r i e s  c o n t a i n i n g  l a r g e  amounts of heavy e l e c t r i c a l  

p r o c e s s i n g  equipment .  Indeed ,  t h e y  have been  o p e r a t e d  s u c c e s s f u l l y

i n  t h e  most h o s t i l e  env i ronmen t ,  i n  terms of e l e c t r i c a l  i n t e r f e r e n c

t h a t  c o u l d  be  found.  The sys t em d e s i g n  o f  o u r  t r a n s m i t t e r / r e c e i v e r

p a i r s  h a s  been such  a s  t o  p r o v i d e  a s  much p r o t e c t i o n  a s  p o s s i b l e .  

The d i r e c t i v e  a n t e n n a s  t e n d  t o  r e j e c t  most unwanted s i g n a l s .  The 

s i g n a l  p r o c e s s i n g  c i r c u i t r y  c o n t a i n s  s h a r p  f i l t e r i n g  t o  r e j e c t  most

o f  t h e  e l e c t r i c a l  n o i s e ,  and -be ing  d i g i t a l  i n  n a t u r e , o f f e r s  

f u r t h e r  n o i s e  r e d u c t i o n .  A l l  o f  t h e  e l e c t r o n i c  c i r c u i t r y  i n  t h e  

t r a n s m i t t e r / r e c e i v e r  p a i r s  was packaged t o  minimize i n t e r f e r e n c e  

problems i n s i d e  o f  a  grounded s t e e l  e n c l o s u r e .  The c a r r i e r  f r e -  

quency o f  10 .525  GHz i s  a n  a r e a  of t h e  e l e c t r o m a g n e t i c  spec t rum t h a

i s  f a i r l y  c l e a n ,  i n  te rms  of  e l e c t r i c a l  i n t e r f e r e n c e .  

F i g u r e  3 .8  shows a  d iagram o f  t h e  t e s t  s i t e  c o n f i g u r a t i o n  

t h a t  was u s e d  t o  e v a l u a t e  t h e  i n t e r f e r e n c e  caused  by a d j a c e n t  

t e l e m e t r y  sys t ems .  The o b j e c t i v e  was t o  de t e rmine  i f  t h e  t r a n s -  

m i t t e r  from l i n k  #1 would i n t e r f e r e  w i t h  t h e  r e c e i v e r  from l i n k  # 2  

and v i c e - v e r s a .  The r e c e i v e r s  f o r  b o t h  l i n k s  #162 a r e  mounted 

on t h e  same p o l e ,  b u t ,  o f  c o u r s e ,  f a c e  i n  o p p o s i t e  d i r e c t i o n s .  

I t  was a l s o  o f  i n t e r e s t  t o  s e e  i f  t h e  t r a n s m i t t e r  from l i n k  #1 

would i n t e r f e r e  w i t h  t h e  r e c e i v e r  o f  l i n k  # 3 .  There was no 

problem a t  a l l  i n  t h e  f i r s t  c a s e .  Again,  t h e  h i g h l y  d i r e c t i v e  

a n t e n n a s  l i m i t  o p e r a t i o n  t o  l i n e  o f  s i g h t  and t h e  t r a n s m i t t i n g  

and r e c e i v i n g  a n t e n n a s  must be  o r i e n t e d  t o  w i t h i n  10 d e g r e e s  of  

e a c h  o t h e r  b e f o r e  t h e  two s i g n a l s  c o u l d  i n t e r f e r e  w i t h  each  o t h e r .  

The second c a s e  was more i n t e r e s t i n g  i n  t h a t  each  t r a n s m i t t e r  o r  

r e c e i v e r  i n  t h e  t e s t  c o u l d  be  o p e r a t e d  w i t h  a  modu la t ion  f r equency  

of  e i t h e r  100 kHz o r  200 kHz. With l i n k  #1 and l i n k  # 3  b o t h  

o p e r a t i n g  a t  100 kHz , t h e  t r a n s m i t t e r  from l i n k  F'1 dic! i n t e r f e r e  

w i t h  t h e  r e c e i v e r  o f  l i n k  # 3  and l i n k  # 3  d i d  m a l f u n c t i o n  occa -  

s i o n a l l y .  However, a f t e r  t h a t  t i m e ,  l i n k  # 3  was c o n v e r t e d  ove r  

t o  200 kHz o p e r a t i o n  and t h e  i n t e r f e r e n c e  problem ceased .  (The 

r e c e i v e r  r e j e c t s  by 20 dB a t  100 kHz s i g n a l  i f  t h e  r e c e i v e r  i s  

s e t  t o  r e c e i v e  a  200 kHz modula ted  s i g n a l . )  
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3 . 2 . 4  P r e l i m i n a r y  Conclus ions  

The problem a r e a s  mentioned above appea r  t o  have  been 

r e l a t i v e l y  minor  and e s s e n t i a l l y  have been overcome. A t  p r e s e n t  

two m o r e - s e r i o u s  problem a r e a s  a r e  m u l t i p a t h  p r o p a g a t i o n  e f f e c t s  

and t r a i n  s e n s o r  r e l i a b i l i t y .  Both o f  t h e s e  s u b j e c t s  a r e  d i s -  

c u s s e d ,  i n  some d e t a i l ,  i n  subsequen t  s e c t i o n s .  The problem o f  

m u l t i p a t h  e f f e c t s  - -  though more s e v e r e  t h a n  o r i g i n a l l y  a n t i -  

c i p a t e d  - -  does a p p e a r  t o  b e  r e a d i l y  s o l u b l e .  The problem o f  

t r a i n  s e n s o r  r e l i a b i l i t y ,  however ,  i s  more f o r m i d a b l e .  





4, TRAIN DETECTION 

4 . 1  DETERPIINATION OF TRAIN PRESENCE 

With t r a c k  c i r c u i t s ,  s e n s i n g  o f  t r a i n  p r e s e n c e  and commu- 

n i c a t i o n  o f  t h a t  i n f o r m a t i o n  t o  t h e  c r o s s i n g  a r e  combined. The 

a l t e r n a t i v e  c o n s i d e r e d  h e r e ,  however ,  s e p a r a t e s  t h e s e  f u n c t i o n s .  

T r a i n  p r e s e n c e  can  be  de t e rmined  i n  a  v a r i e t y  o f  ways. C u r r e n t l y  

a v a i l a b l e  t e c h n i q u e s  a s  w e l l  a s  some nove l  methods were c o n s i d e r e d  

and a r e  d e s c r i b e d  below. 

4.2 GUIDELINES FOR ANALYSIS OF TRAIN DETECTION TECHNIQUES 

Befo re  c o n s i d e r i n g  any p a r t i c u l a r  method o f  t r a i n  d e t e c t i o n ,  

i t  i s  a p p r o p r i a t e  t o  examine t h e  i n h e r e n t  sys tem c o n s t r a i n t s  

w i t h i n  which any p a r t i c u l a r  s e n s o r  must o p e r a t e .  

a .  F a i l s a f e  O p e r a t i o n .  A s  w i t h  a l l  r a i l r o a d  v i t a l  com- 

ponen t s  and c i r c u i t r y ,  f a i l s a f e  o p e r a t i o n  i s  o f  

paramount  impor t ance .  Care must be  t a k e n  s o  t h a t  non- 

f a i l s a f e  f a i l u r e  modes a r e  v i r t u a l l y  e l i m i n a t e d .  A s  a  

s i n g l e  r e q u i r e m e n t ,  however ,  n e a r  f a i l s a f e  o p e r a t i o n  i s  

p r o b a b l y  n o t  a s  f o r e b o d i n g  a  r equ i r emen t  a s  one might  

assume. Hardware deve loped  f o r  s a f e t y  a p p l i c a t i o n s  i n  

o t h e r  a r e a s  h a s  been  d e s i g n e d  f o  be  v i r t u a l l y  f a i l s a f e  

by c a r e f u l  sys t em d e s i g n ,  o f t e n  making e x t e n s i v e  u s e  

o f  r edundan t  and s e l f - c h e c k  p r o c e s s e s .  A s i m p l e  example 

o f  t h i s  t e c h n i q u e  i s  t h e  d u a l  b r a k i n g  s y s t e m ,  now r e -  

q u i r e d  by law on a l l  au tomob i l e s  s o l d  i n  t h e  U.S. 

Automobile b r a k i n g  i s  accompl ished  by two s e p a r a t e  

s e c t i o n s  of t h e  sys t em.  One s e c t i o n  c o n t a i n s  a l l  t h e  

b r a k e  c y l i n d e r s ,  l i n e s ,  s h o e s ,  drums, and m a s t e r  

c y l i n d e r  f o r  t h e  r i g h t - f r o n t  and l e f t - r e a r  w h e e l s ,  w h i l e  

t h e  o t h e r  s e c t i o n ,  which i s  comple t e ly  independen t  from 

t h e  f i r s t ,  c o n t a i n s  a l l  t h e  a p p a r a t u s  n e c e s s a r y  t o  b r a k e  

t h e  l e f t - f r o n t  and r i g h t - r e a r  whee l s .  Under normal 

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

t o  s t o p  t h e  au tomob i l e .  The sys t em a l s o  c o n t a i n s  a  s e l f -  

check s e c t i o n  t h a t ,  i n  t h e  e v e n t  t h a t  one o f  t h e  b r a k i n g  



s e c t i o n s  f a i l  (from a  l e a k  i n  one o f  t h e  l i n e s ,  e t c . ) ,  

a  warn ing ,  i n  t h e  form o f  a  dash -boa rd  i n d i c a t o r  l i g h t ,  

i s  conveyed t o  t h e  opGra to r .  

I n  terms o f  t h e  g rade  c r o s s i n g  a p p l i c a t i o n ,  t h e s e  t e c h -  

n i q u e s  would i n v o l v e  t h e  u s e  o f  m u l t i p l e  s e n s o r s  and 

e x t e n s i v e  s e l f - c h e c k  l o g i c .  I f  t h e  s e n s o r s  f a i l e d  t o  

a g r e e  w i t h  each  o t h e r  a s  t h e  q u e s t i o n  of t r a i n  p r e s e n c e  

o r  i f  . the s e l f - c h e c k  l o g i c  f a i l e d  t o  g i v e  a  "System OK" 

s i g n a l ,  a  s u i t a b l e  warn ing  - -  p r e f e r a b l y  a  d i f f e r e n t  

warn ing  a s p e c t  t h a n  "Tra in  Approaching1'--  would be s e n t  t o  

t h e  m o t o r i s t .  

While a  c a r e f u l  sys t em d e s i g n ,  m u l t i p l e  s e n s o r s ,  and 

s e l f - c h e c k  c i r c u i t r y  may w e l l  r e n d e r  t h e  t r a i n  d e t e c t i o n  

sys t em v i r t u a l l y  f a i l s a f e ,  t h e s e  t e c h n i q u e s  w i l l  a l s o  

t e n d  t o  i n c r e a s e  t h e  c o s t  o f  t h e  sys t em a s  w e l l  a s  t o  

i n c r e a s e  t h e  l i k e l i h o o d  o f  s a f e  f a i l u r e s .  A s  i s  g e n e r -  

a l l y  t r u e ,  t h e  i n t r o d u c t i . o n  of  a  more -nea r ly  f a i l s a f e  

d e s i g n  i n c r e a s e s  t h e  l i k e l i h o o d  t h a t  f a i l u r e  w i l l  o ccu r  

( a s  by a  component f a i l u r e  i n  t h e  s e l f - c h e c k  s e c t i o n ) ,  

t h u s  a c t i v a t i n g  t h e  s i g n a l s  even  though t h e  t r a i n  de-  

t e c t i o n  sys t em i s  working  p e r f e c t l y .  Care must t h e n  be  

t a k e n  t o  i n s u r e  t h a t ,  i n  t h e  p u r s u i t  of a  v i r t u a l l y  f a i l -  

s a f e  d e s i g n ,  o t h e r  sys tem c o n s t r a i n t s - - t h a t  i s ,  c o s t  r e l i a -  

b i l i t y ,  e t c . , - - a r e  n o t  compromised beyond c o n t r o l .  

b .  C o s t .  During t h e  p r o c e s s  o f  e v a l u a t i n g  d i f f e r e n t  t r a i n  

s e n s o r s ,  one o f  t h e  more s e r i o u s  c o n s t r a i n t s  t o  be k e p t  

i n  mind i s  c o s t .  A s i n g l e - t r a c k  i n s t a l l a t i o n  would r e -  

q u i r e ,  i f  n o n - d i r e c t i o n a l  s e n s o r s  a r e  t o  be  u s e d ,  a  

minimum o f  f o u r  t r a i n  s e n s o r s .  I f ,  a s  w i l l  p robab ly  be 

t h e  c a s e ,  r edundan t  s e n s o r s  a r e  n e c e s s a r y ,  e i g h t  o r  

twe lve  s e n s o r s  might  be  r e q u i r e d .  

c .  Envi ronmenta l  C o n s t r a i n t s .  I t  would seem t o  b e  a lmos t  

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

env i ronmen t .  Extremes of  t e m p e r a t u r e  and humid i ty  

r a n g i n g  from d e s e r t  t o  t r o p i c a l  t o  a r c t i c c o n d i t i o n s  a r e  



t o  be assumed. E l e c t r i c a l  n o i s e ,  e s p e c i a l l y  i n  a r e a s  

n e a r  h i g h - v o l t a g e  f e e d e r  power l i n e s  o r  on e l e c t r i f i e d  

r a i l  l i n e s ,  can  b e  ex t r eme ly  s e v e r e .  The b u i l d - u p  of 

s o o t ,  d i r t ,  o r  o i l  f i l m s  can  a l s o  be  q u i t e  s e v e r e  and 

s h o u l d  be guarded  a g a i n s t .  The we igh t  o f  r a i l r o a d  

r o l l i n g  s t o c k  i m p a r t s  g r e a t  s t r e s s ,  s t r a i n ,  and u i b r a -  

t i o n a l  shock  t o  t h e  r a i l s ,  t i e s ,  and b a l l a s t .  Th i s  

e f f e c t  must be  accoun ted  f o r  i n  a l l  p o t e n t i a l  s e n s o r  

d e s i g n s  . 
T r a i n  speeds  can  v a r y  g r e a t l y  and any p o t e n t i a l  s e n s o r  

s h o u l d  be  a b l e  t o  d e t e c t  t r a i n s  from 0  t o  110 mph. 

M u l t i p l e - t r a c k  t o p o g r a p h i e s  a r e  common and c a r e  must 

b e  t a k e n  t h a t  a  s e n s o r  does n o t  f a l s e l y  t r i g g e r  due t o  

t r a i n s  t r a v e l i n g  on t r a c k s  a d j a c e n t  t o  t h e  t r a c k  f o r  

which t h e  s e n s o r  was i n t e n d e d .  Vandalism i s  a  f a c t  o f  

l i f e  i n  t h e  r a i l r o a d  envi ronment .  The s e n s o r  s h o u l d  n o t  

on ly  b e  packaged s o  a s  t o  make i t  v i r t u a l l y  imperv ious  

t o  vanda l i sm;  i d e a l l y ,  t h e  s e n s o r  s h o u l d  a l s o  be d e s i g n e d  

t o  make t h e  p o s s i b i l i t y  o f  a t t e m p t e d  vanda l i sm ex t r eme ly  

u n l i k e l y  - -  f o r  example,  i n s t a l l i n g  t h e  u n i t  below t h e  

r a i l s ,  and on ly  s e n s i t i v e  t o  l a r g e  m e t a l  o b j e c t s .  

d .  Power Consumption. As w i t h  t h e  t r a n s m i t t e r / r e c e i v e r  

p a i r s ,  low power consumption i s  a l s o  a  d e s i g n  g o a l  f o r  

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

p o r t a n t  a t  t h e  t r a n s m i t t e r  s i t e  where l i n e  e l e c t r i c  power 

w i l l  p r o b a b l y  n o t  be  a v a i l a b l e .  I f  s o l a r  p a n e l s  a r e  t o  

b e  used  a s  t h e  main power s o u r c e ,  t h e  c o s t  p e r  w a t t  o f  

e l e c t r i c a l  power c o u l d  b e  a s  h i g h  a s  $500  i n c l u d i n g  

i n s t a l l a t i o n .  I n  a d d i t i o n ,  i t  would be d e s i r a b l e  t o  keep 

t r a n s m i t t e r - s i t e  hardware a s  i nconsp icuous  and unob- 

t r u s i v e  a s  p o s s i b l e .  S o l a r  power o u t p u t  power d e n s i t i e s  

can  b e  a s  low a s  . 5  Watt p e r  s q .  f o o t  of p a n e l  a r e a .  

Thus a  l a r g e  and  conspicuous  and expens ive  p h y s i c a l  a r e a  

would b e  r e q u i r e d  i f  t h e  t o t a l  power r equ i r emen t  f o r  t h e  

t r a i n  d e t e c t i o n  sys t em exceeded  approx ima te ly  0 . 5  Wat t .  



e .  R a i l  Independence.  I t  would be h i g h l y  d e s i r a b l e  f o r  

t h e  s e n s o r  t o  have b o t h  e l e c t r i c a l  and mechanica l  

independence  from t h e  r a i l s .  Th i s  would o f f e r  two major  

a d v a n t a g e s .  The f i r s t  i s  t h a t  t h e  s e n s o r  would b e  

g e n e r a l  i n  d e s i g n  and would be  a b l e  t o  conform t o  a l l  

r a i l  s i z e s  and  s i g n a l  s y s t e m s ,  and t h u s  would n o t  r e q u i r e  

t h e  custom d e s i g n s  o r  i n s t a l l a t i o n s .  Second ly ,  a  s e n s o r  

t h a t  was comple t e ly  independen t  from t h e  r a i l s  cou ld  be  

i n s t a l l e d  and m a i n t a i n e d  by l o c a l  highway depa r tmen t s  

w i t h  o n l y  l i m i t e d  r a i l r o a d  involvement .  

4 . 3  POSSIBLE ALTERNATIVES 

4 . 3 . 1  Background 

S i n c e  1872 t h e  t a s k  of  r e l i a b l y  s e n s i n g  t h e  p r e s e n c e  o f  r a i l -  

r o a d  r o l l i n g  s t o c k  h a s ,  i n  s a f e t y  a p p l i c a t i o n s ,  a lways been  accom- 

p l i s h e d  by u s e  o f  t h e  t r a c k  c i r c u i t .  The t r a c k  c i r c u i t  h a s  proven  

t o  be a n  ex t r eme ly  r e l i a b l e ,  f a i l s a f e ,  and o f t e n  expens ive  means. 

While t h e  s e v e r i t y  o f  t h e  c o n s t r a i n t s  t e n d s  t o  s u g g e s t  c a u t i o n ,  

s e v e r a l  a l t e r n a t i v e  methods can  be  i d e n t i f i e d ,  i n  a d d i t i o n  t o  r a d a r  

which i s  d i s c u s s e d  i n  S e c t i o n  7 .  

a. Mechanical  

b. Magnet ic  

1) Wheel F lange  

2) T r a i n  

c .  Beam I n t e r r u p t i o n  

d. Weight 

1) S t r a i n  on t h e  R a i l  

2) P r e s s u r e  on t h e  b a l l a s t  

e .  S h o r t  Track C i r c u i t  

4 . 3 . 2  Mechanica l  Senso r s  

Mechanica l  s e n s o r s  o r  t r e a d l e  s w i t c h e s  do n o t  appea r  t o  be  

a t  a l l  p r o m i s i n g .  F i g u r e  4 . 1  shows a  p i c t u r e  of  a  t r e a d l e  s w i t c h  

t h a t  i s  u sed  i n  Europe and o c c a s i o n a l l y  i n  t h e  U.S. i n  n o n - v i t a l ,  

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

e i t h e r  r a i l .  P a s s i n g  wheel  f l a n g e s  c o n t a c t  and d e p r e s s  b o t h  of  t h e  





arms.  By t h i s  a c t i o n ,  t h e  a rma tu re  of a  mechanica l  r e l a y  i s  

moved t o  cause  c o n t a c t  c l o s u r e .  D i r e c t i o n  o f  t r a v e l  i n f o r m a t i o n  

i s  o b t a i n e d  by s e n s i n g  which one o f  t h e  arms was d e p r e s s e d  f i r s t .  

The u n i t  o f  F i g u r e  4 . 1  was i n s t a l l e d ,  by TSC, a t  one o f  o u r  

f i e l d  t e s t  s i t e s .  The u n i t  was s u b j e c t  t o  vanda l i sm,  a s  t h e  arms 

a r e  e a s i l y  d e p r e s s e d  o r  even broken  o f f  by normal body w e i g h t .  

I t  i s  s u b j e c t  t o  damage from d ragg ing  equipment .  The u n i t  had a  

tendency  t o  f r e e z e - u p  i n  t h e  w i n t e r ,  p a r t i c u l a r l y  when i t  became 

su r rounded  by packed  i c e  and snow. I t  was a l s o  found t o  g i v e  

f a l s e  a l a rms  and i n c o r r e c t  d i r e c t i o n - o f - t r a v e l  i n f o r m a t i o n .  I t  

would appea r  t h a t  t h e s e  a r e  problems w i t h  t h e  o v e r a l l  concep t  o f  

mechanica l  s e n s o r s  and a r e  n o t  problems p e c u l i a r  t o  t h e  u n i t  

i t s e l f .  The concep t  o f  mechan ica l  s e n s o r s  does n o t  seem t o  

w a r r a n t  and d i d  n o t  r e c e i v e  any a d d i t i o n a l  e f f o r t .  

4 . 3 . 3  Magnet ic  Senso r s  

A common t e c h n i q u e  used  i n  v e h i c l e  d e t e c t i o n  i s  t h a t  o f  

magne t i c  s e n s i n g .  There a r e  two b a s i c  t y p e s  o f  magne t i c  s e n s o r s ;  

magnetometers  and m a g n e t i c - i n d u c t i v e  s e n s o r s .  Both r e q u i r e  an 

i n t e r n a l l y  g e n e r a t e d ,  s t e a d y - s t a t e ,  magne t i c  f i e l d .  Also funda-  

men ta l  t o  b o t h  d e v i c e s  i s  a  r e c e i v i n g  mechanism whereby t h e  

s t r e n g t h  and d i r e c t i v i t y  o f  t h e  r e c e i v e d  magne t i c  f i e l d  i s  s e n s e d .  

Th i s  r e c e i v i n g  mechanism - -  u s u a l l y  j u s t  a  c o i l  o f  w i r e  - -  

e f f e c t i v e l y  n u l l s  o u t  t h e  s t e a d y - s t a t e  f i e l d .  I f  s u f f i c i e n t l y  

l a r g e  conduc t ing  o r  m e t a l  o b j e c t s  p a s s  i n t o  t h e  r e g i o n  o f  t h i s  

r a d i a t i n g  magne t i c  f i e l d  t h e  f i e l d  i s  n e c e s s a r i l y  p e r t u r b e d  and 

t h e  r e c e i v e d  f i e l d  i s  t h u s  d i f f e r e n t  from t h e  s t e a d y - s t a t e  f i e l d .  

Th i s  change i n  t h e  f i e l d  i s  t h e n  s e n s e d  by t h e  r e c e i v e r  and t h e  

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

F i g u r e  4 . 2  shows a  pho tog raph  o f  f o u r  d i f f e r e n t  commercial ly  

a v a i l a b l e  w h e e l - f l a n g e  d e t e c t o r s .  A l l  f o u r  a r e  magne t i c  s e n s o r s  

which b o l t  t o  t h e  i n s i d e  of  e i t h e r  r u n n i n g  r a i l  and s e n s e  t h e  

p a s s a g e  of  t h e  s t e e l - w h e e l  f l a n g e .  While each  o f  t h e  f o u r  u n i t s  

was d e s i g n e d  f o r  a  r a i l r o a d  u s e ,  none o f  t h e  f o u r  was des igned  

f o r  a g r a d e  c r o s s i n g  a p p l i c a t i o n .  They were d e s i g n e d  f o r  non- 

v i t a l ,  n o n - s a f e t y ,  a p p l i c a t i o n s  - -  a u t o m a t i c  c a r w a s h e r s ,  ho tbox 
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d e t e c t o r s ,  ACI s y s t e m s ,  e t c .  Each of  t h e  f o u r  was i n s t a l l e d  and 

mon i to red  by TSC. Un i t s  "a" and "d" a r e  t o t a l l y  p a s s i v e  and 

e i t h e r  produce  a  p u l s e  o r  p r o v i d e  s w i t c h  c l o s u r e  t o  i n d i c a t e  t r a i n  

p r e s e n c e .  U n i t s  "b" and "c" a r e  a c t i v e  and consume 0 .5  t o  1 . 0  1:latt 

o f  power e a c h .  The r e t a i l  c o s t  o f  t h e  f o u r  u n i t s  r anges  from 

$100 t o  $300 e a c h .  Each u n i t  shown i s  d i r e c t i o n a l ,  i s  

a v a i l a b l e  i n  a  d i r e c t i o n a l  model ,  o r  can  be  used  i n  a d i r e c t i o n a l  

a p p l i c a t i o n ,  by t h e  u s e  o f  two such  s e n s o r s ,  mounted two t o  t h r e e  

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

w e l l ,  w i t h i n  t h e  c o n s t r a i n t s  f o r  which they  were d e s i g n e d ,  none 

of  t h e  u n i t s  shown on F i g u r e  4 . 2  would be  a c c e p t a b l e  f o r  a  g r a d e  

c r o s s i n g  a ~ p l i c a t i o n .  The o v e r a l l  s e n s o r  r e l i a b i l i t y  was i n s u f -  

f i c i e n t .  F a l s e  a l a r m s ,  p r o b a b l y  due t o  low s i g n a l  l e v e l s  and poor  

n o i s e  immunity,  was a  problem w i t h  a l l  f o u r  u n i t s .  F a l s e  a l a rms  

caused  by t r a i n s  on a d j a c e n t  t r a c k s  a l s o  appea red  t o  be  a  problem 

i n  one o f  t h e  u n i t s .  Most damaging was t h e  f a c t  t h a t  t h roughou t  

o u r  t e s t s  none o f  t h e  f o u r  was t o t a l l y  e f f e c t i v e .  

F i g u r e  4 . 3  shows two a d d i t i o n a l  s e n s o r s  t h a t  were a l s o  

p u r c h a s e d ,  i n s t a l l e d  and mon i to red  by TSC. The u n i t  shown i n  

F i g u r e  4 .3a  i s  a  magne t i c  wheel  f l a n g e  d e t e c t o r  t h a t  i s  u s e d  f o r  

g r a d e  c r o s s i n g s  (and g e n e r a l  s i g n a l i n g )  i n  Germany. The u n i t  i s  

t o t a l l y  p a s s i v e  and w i l l  d e t e c t  t r a i n s  moving a t  h i g h  s p e e d s  

(160 mph) and  w i l l  a l s o  d e t e c t  s t a n d i n g  t r a i n s .  The p a r t i c u l a r  

u n i t  shown i s  n o t  d i r e c t i o n a l  b u t  d i r e c t i o n a l  u n i t s  a r e  a l s o  

a v a i l a b l e .  The c o s t  f o r  t h e  n o n - d i r e c t i o n a l  u n i t  i s  $500;  $900 

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

U n f o r t u n a t e l y ,  t h i s  p a r t i c u l a r  u n i t  was t h e  l a s t  s e n s o r  t o  

a r r i v e ,  and has  n o t  been  s u b j e c t  t o  a s  l ong  a  t e s t i n g  p e r i o d  a s  

have t h e  o t h e r  s e n s o r s .  However, on t h e  b a s i s  o f  a  l i m i t e d  10 

week t e s t  - -  compared w i t h  50 weeks f o r  t h e  s e n s o r s  o f  F i g u r e  4 . 3  

- -  i t  would a p p e a r  t h a t  t h i s  p a r t i c u l a r  u n i t  might  be a c c e p t a b l e  

f o r  a  g rade  c r o s s i n g  a p p l i c a t i o n .  Ten weeks o f  t e s t i n g  i n c l u d e d  

p a s s a g e  of app rox ima te ly  800 t r a i n s .  While t h e  power consumption 

i s  s a t i s f a c t o r y  and t h e  r e l i a b i l i t y  a t  t h i s  p o i n t  a l s o  appea r s  

good,  t h e  c o s t  i s  r a t h e r  h i g h ,  and - a s  t h e  u n i t  i s  a t t a c h e d  t o  t h e  

r a i l  - i t  i s  consp icuous  and s u b j e c t  t o  vanda l i sm.  The u n i t  does 



( a )  Siemens (Wheel-Flange D e t e c t o r )  

( b )  Magnetometer 

F i g u r e  4 . 3  A d d i t i o n a l  Magnet ic  D e t e c t o r  
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appea r  t o  meet t h e  c o n s t r a i n t s ,  b u t  f u r t h e r  t e s t i n g  i s  n e c e s s a r y  

b e f o r e  any r e a l  c o n c l u s i o n s  a s  t o  concep t  v i a b i l i t y  a r e  p o s s i b l e .  

F i g u r e  4.3b shows a  photograph  o f  a  magnetometer head  t h a t  

was pu rchased  and i n s t a l l e d  a s  p a r t  of ou r  e f f o r t .  The u n i t  was 

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

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

a s s o c i a t e d  e l e c t r o n i c s ,  i s  approx ima te ly  $100. The u n i t  was 

b u r i e d ,  between t h e  r a i l s ,  a b o u t  one f o o t  below t h e  b a l l a s t  

s u r f a c e .  The u n i t  h a s  worked ex t r eme ly  w e l l ,  h a s  been i n  o p e r -  

a t i o n  6 months - -  approx ima te ly  5,000 t r a i n s  - -  and has  neve r  

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

i n s t a l l e d  was a d j u s t e d  s o  t h a t  f a l s e  a l a rms  would n o t  be  

caused  by c a r s ,  s h o v e l s ,  t r a i l b i k e s ,  o r  any o b j e c t  l i k e l y  t o  be 

found i n  t h e  a r e a .  Being b u r i e d  below t h e  ground,  t h e  s e n s o r  i s  

i n c o n s ~ i c u o u s  and t h e r e f o r e  p r o t e c t e d  a g a i n s t  most forms o f  

vanda l i sm.  This  would a p p e a r  t o  b e  a  h i g h l y  a c c e p t a b l e  s e n s o r  

e x c e p t  t h a t  t h e  power c o n s u m ~ t i o n  i s  r a t h e r  h i g h ,  1 . 0  Watt p e r  

head ,  and t h a t  a  minimum o f  two heads a r e  r e q u i r e d  p e r  t r a n s -  

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

p robab ly  n e c e s s a r y  t o  i n s u r e  t h e  r e q u i r e d  h i g h  d e g r e e  of  r e -  

l i a b i l i t y  a g a i n s t  n o n - f a i l s a f e  f a i l u r e  modes. I t  i s  p r o b a b l y  

p o s s i b l e  t o  d e c r e a s e  t h i s  power r equ i r emen t  by a  f a c t o r  of  f o u r  

o r  more and t h i s  s h o u l d  be  i n v e s t i g a t e d .  

A drawback t o  t h e  u s e  o f  b u r i e d  s e n s o r s  of  any tyDe i s  t h e  

problem o f  damage d u r i n g  r a i l r o a d  main tenance-of -way o p e r a t i o n s .  

Th i s  i s  n o t  a  f a t a l  weakness - some e x i s t i n g  sys tems have  b u r i e d  

e l e m e n t s ,  and such  d e v i c e s  can  b e  accommodated - b u t  t h i s  r e p r e -  

s e n t s  an  u n d e s i r a b l e  c o m p l i c a t i o n  f o r  n o n - r a i l r o a d  i n s t a l l a t i o n  

and ma in tenance .  A s i m i l a r  problem can  a r i s e  f o r  r a i l - m o u n t e d  

s e n s o r s ,  a l t h o u g h  they  a r e  a t  l e a s t  more obv ious .  

4 . 3 . 4  Beam I n t e r r u p t i o n  

An o f t e n - u s e d  t e c h n i q u e  i n  o b j e c t  s e n s i n g  i s  t h a t  o f  beam 

i n t e r r u p t i o n .  The t e c h n i q u e  i s  commonly used  i n  i n d o o r s  a p p l i c a -  

t i o n s  - -  i n t r u s i o n  a l a r m s ,  supe rmarke t  d o o r s ,  e t c .  - -  and i s  j u s t  

b e g i n n i n g  t o  be used  i n  an o u t d o o r s  envi ronment .  The method 

u s u a l l y  i n v o l v e s  an i n f r a - r e d  beam, b u t  lower f r equency  microwave 

sys t ems  a r e  a l s o  p o s s i b l e .  
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F i g u r e  4 . 4  shows a  d iagram o f  t h r e e  p o s s i b l e  c o n f i g u r a t i o n s .  

I n  each  a  beam would b e  o r i g i n a t e d  on one s i d e  on t h e  t r a c k  and 

t h e n  t r a n s m i t t e d  a c r o s s  t o  t h e  o t h e r .  The beam would ,  i n  t h e  

t r a i n  a b s e n t  c a s e ,  t h e n  b e  r e f l e c t e d  t o  t h e  c r o s s i n g ,  o r  b e  

r e f l e c t e d  back a c r o s s  t h e  t r a c k s  and be r e c e i v e d .  The sys t em 

d e s i g n  i s  b a s i c a l l y  f a i l s a f e  a s  t h e  absence  o f  a  s i g n a l  i n d i c a t e s  

t r a i n  p r e s e n c e .  Power consumption cou ld  b e  k e p t  q u i t e  low by t h e  

u s e  of  l ow-du ty  c y c l e s  and  o t h e r  r a t h e r  s t a n d a r d  t e c h n i q u e s .  I R  

beam i n t e r r u p t i o n  s e n s o r s  a r e  p r e s e n t l y  b e i n g  u s e d ,  i n  a  s i m i l a r  

a p p l i c a t i o n ,  a s  o v e r h e i g h t  d e t e c t o r s  j u s t  p r e c e d i n g  b r i d g e s  o r  

o v e r p a s s e s ,  o f  c o u r s e  t h e r e  i s  t h e  problem o f  f a l s e  a c t u a t i o n s  

caused  by v a n d a l s  c o v e r i n g  t h e  t r a n s m i t / r e c e i v e  l e n s e s  w i t h  mud, 

snow, s t i c k s ,  e t c . ,  and t h i s  s h o u l d  be  d e s i g n e d  a g a i n s t .  The 

r e t a i l  c o s t  o f  a  s i n g l e  u n i t  i s  app rox ima te ly  $150. Because o f  

t ime l i m i t a t i o n s  i t  was n o t  p o s s i b l e  t o  f i e l d  t e s t  t h i s  t y p e  o f  

s e n s o r .  

4 . 4  RECOMMENDATIONS 

Because o f  t ime  l i m i t a t i o n s  i t  was n o t  p o s s i b l e  t o  i n v e s t i g a t e  

a s  many s e n s i n g  t e c h n i q u e s  a s  would have been  p r e f e r r e d .  However, 

t h e  magne t i c  s e n s i n g  does  a p p e a r ,  a t  t h i s  p o i n t ,  t o  p r e s e n t  an  

i n t e r e s t i n g  a l t e r n a t i v e .  The u s e  of a  magnetometer b u r i e d  between 

and below t h e  r a i l s  i s  e s p e c i a l l y  p romis ing  and t h e  p r o s p e c t  o f  

o p e r a t i o n  a t  lower  power l e v e l s  s h o u l d  be  i n v e s t i g a t e d .  V e h i c l e -  

s e n s i n g  magnetometers  a r e  now b e i n g  manufac tured  by a t  l e a s t  t h r e e  

d i f f e r e n t  m a n u f a c t u r e r s  and each  o f  t h e  t h r e e  u n i t s  has  a  power 

r e q u i r e m e n t  of 1 w a t t  p e r  head  o r  g r e a t e r .  The u n i t s  were a l l  

d e s i g n e d  f o r  highway u s e  and i t  was assumed t h a t  commercial e l e c t r i c  

power would b e  a v a i l a b l e  i n  v i r t u a l l y  u n l i m i t e d  s u p p l y .  Low-power 

consumption was n o t  one o f  t h e  o r i g i n a l  c o n s t r a i n t s .  

An a d d i t i o n a l  t e c h n i q u e  t h a t  s h o u l d  a l s o  be  i n v e s t i g a t e d  i s  

t h a t  o f  we igh t  s e n s i n g .  P r e s s u r e  pads  a r e  p r e s e n t l y  b e i n g  u s e d  a s  

highway v e h i c l e  d e t e c t o r s  i n  t h e  same a p p l i c a t i o n  a s  a r e  t h e  mag- 

n e t o m e t e r s  which a r e  ment ioned  above.  As w i t h  t h e  magnetometers ,  

t h e  pad would be b u r i e d  between and below t h e  r a i l s .  P r e s s u r e  

pads  a r e  3 - 5  t imes  a s  e x p e n s i v e  a s  magnetometers  and do r e q u i r e  



Figure 4.4 Possible Beam Interruption Configurations 



c o n s i d e r a b l y  more i n s t a l l a t i o n  expense a s  s p e c i a l  s u p p o r t s  a r e  

o f t e n  n e c e s s a r y .  Weight s e n s i n g  i s  a l s o  o f t e n  accompl ished  by 

t h e  u s e  o f  s t r a i n  gauges .  S t r a i n  gauges a r e  s m a l l  e l e c t r o -  

r e s i s t i v e  d e v i c e s  which measure minu te  changes i n  d imens ion .  I n  

t h i s  a p p l i c a t i o n ,  t h e y  would be mounted on one s i d e  of  one o f  t h e  

runn ing  r a i l s .  The we igh t  of t h e  t r a i n ,  t r a n s f e r r e d  t o  t h e  r a i l s ,  

would c a u s e  a  s l i g h t  d e f o r m a t i o n  i n  t h e  r a i l s .  Th i s  s l i g h t  change 

i n  d imens ion  would b e  d e t e c t e d  by t h e  gauge and t h e  i n f o r m a t i o n  

cou ld  t h e n  b e  p r o c e s s e d  a c c o r d i n g l y .  S t r a i n  gauges a r e ,  by them- 

s e l v e s ,  q u i t e  i n e x p e n s i v e  b u t  must b e  packaged and mounted t o  t h e  

r a i l  p r o p e r l y  and  t h o s e  l a s t  two expenses  would dominate .  Both 

s t r a i n  gauges and p r e s s u r e  pads  s h o u l d  p r o b a b l y  b e  i n v e s t i g a t e d .  

A s  a  l a s t - r e s o r t  t r a i n - s e n s i n g  t e c h n i q u e ,  s h o u l d  none 
o f  t h e  above methods p r o v e  f e a s i b l e ,  a  s h o r t ,  j o i n t l e s s  t r a c k  

c i r c u i t  migh t  be  c o n s i d e r e d .  Here t h e  t r a c k  c i r c u i t  would b e  

used  a s  a  s e n s o r  o n l y ,  would have  an e f f e c t i v e  l e n g t h  of 10 t o  

40 f e e t ,  and would be o p e r a t e d  a t  a  h i g h  f r equency ,  i n  t h e  o r d e r  

o f  megacycles .  For  example,  a t  3 .0  megaHertz t h e  d r i v i n g  p o i n t  

impedance o f  an  i n f i n i t e  s e c t i o n  of t r a c k  would be  125 ohms, and  

t h e  s i g n a l  would a t t e n u a t e  a t  a  r a t e  o f  3 .2  dB p e r  10 f e e t  - -  t h i s  

i s  assuming t h e  t y p i c a l  v a l u e s  of 5,000 ohms p e r  f o o t  o f  s h u n t  

r e s i s t a n c e  and 0 . 5  microHenry p e r  f o o t  o f  s e r i e s  i n d u c t a n c e .  

T h i s  means t h a t  power r e q u i r e m e n t ,  f o r  a  3 v o l t  t r a c k  c i r c u i t  

cou ld  b e  a s  low a s  0 .4  w a t t ,  i n c l u d i n g  t r a n s m i t t e r  and r e c e i v e r  

l o s s e s .  I n  terms o f  t h e  vhf  s i g n a l  i n t e r f e r i n g  w i t h  t h e  e x i s t i n g  

s i g n a l  s y s t e m ,  t h e  3.0 v o l t  s i g n a l  would have  an ampl i tude  o f  

0 .12  v o l t ,  a t  a  d i s t a n c e  100 f e e t  from i t s  p o i n t  o f  o r i g i n .  

Th i s  i s  f a r  from t h e  i d e a l  s e n s o r ,  b u t  i s  a  p o s s i b i l i t y .  





5 ,  MICROWAVE PROPAGATION PROPERTIES OF THE TELEMETRY L I N K  

5 . 1  REVIEW 

The t y p i c a l  g rade  c r o s s i n g  microwave t e l e m e t r y  l i n k  

d e s c r i b e d  i n  t h i s  r e p o r t  i s  approx ima te ly  1 ,000  m e t e r s  l ong .  

A l l  o f  t h e  l i n k s  used  t o  d a t e  have  been l i n e - o f - s i g h t ,  from a  

t r a n s m i t t i n g  an tenna  mounted a t  t h e  t o p  o f  a  p o l e  5 t o  7 m e t e r s  

h i g h  s t a n d i n g  n e a r  t h e  t r a c k s ,  t o  a  r e c e i v i n g  an tenna  s i m i l a r l y  

mounted a t  t h e  c r o s s i n g .  Under c o n d i t i o n s  of l i n e - o f - s i g h t  

p r o p a g a t i o n  between two p o i n t s  i n  empty s p a c e ,  t h e  p a t h  l o s s  i n  

dB a t  10 GHz o p e r a t i n g  f r e q u e n c y  would b e  

Pa th  Loss = 53 + 20 loglO (Lmete r s )  - G r e c  - Gxmit ( d ~ )  

where L i s  t h e  l e n g t h  of  t h e  p a t h ,  and  G r e c ,  Gxmi t  a r e  t h e  an -  

t e n n a  g a i n s .  I n  p r a c t i c e ,  a  number of  e f f e c t s  were n o t e d  t h a t  

caused  t h e  obse rved  p a t h  l o s s  t o  d e p a r t  from t h i s  f i g u r e ,  some- 

t imes  markedly .  

The most d e l e t e r i o u s  e f f e c t  obse rved  was comple te  c a n c e l l a -  

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

t h e  d i r e c t  t r a n s m i t t e d  s i g n a l  and t h e  s i g n a l  t h a t  i s  r e f l e c t e d  

o f f  t h e  ground a s  i t  p r o p a g a t e s  from t r a n s m i t t e r  t o  r e c e i v e r .  

Other  e f f e c t s  were t h e  d e c r e a s e  o f  a  few dB i n  r e c e i v e d  s i g n a l  

when a  t r a i n  o r  o t h e r  v e h i c l e  was p r e s e n t  on t h e  t r a c k s  between 

r e c e i v e r  and t r a n s m i t t e r  s i t e ,  even  though t h e  l i n e  o f  s i g h t  was 

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

of a  few dB w i t h  a  p e r i o d  o f  app rox ima te ly  30 seconds  n o t  due t o  

any a p p a r e n t  c a u s e .  These e f f e c t s ,  p l u s  s u g g e s t i o n s  f o r  sys tem 

d e s i g n  t o  c o u n t e r a c t  them, a r e  d i s c u s s e d  i n  t h i s  s e c t i o n .  

5 .2  MULTIPATH INTERFERENCE 

M u l t i p a t h  i n t e r f e r e n c e  o c c u r s  when t h e  d i r e c t  l i n e - o f - s i g h t  

s i g n a l  t r a n s m i t t e d  from a  t r a n s m i t t i n g  a n t e n n a  t o  a  r e c e i v i n g  

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

ground and t h u s  f o l l o w s  a  l o n g e r  p a t h  from t h e  t r a n s m i t t e r  t o  t h e  

r e c e i v e r .  This  e f f e c t  i s  undoubtedly  a  f a c t o r  a t  each  t e l e m e t r y  

s i t e  employed i n  t h i s  s t u d y .  D e t a i l e d  measurements o f  m u l t i p a t h  



i n t e r f e r e n c e  were made a t  one s i t e ,  a f t e r  i t  was d i s c o v e r e d  t h a t  

t h e  o r i g i n a l  r e c e i v i n g  a n t e n n a  i n s t a l l a t i o n  was such  t h a t  t h e  

r e c e i v e d  s i g n a l  was s o  weak t h a t  t h e  sys t em was i n o p e r a b l e .  

The f a c t  t h a t  a lmos t  p e r f e c t  c a n c e l l a t i o n  between d i r e c t  

and r e f l e c t e d  s i g n a l s  can  occu r  i s  due t o  t h e  f a c t  t h a t  Drac-  

t i c a l l y  any ground s u r f a c e  becomes a  v e r y  n e a r l y  p e r f e c t  r e -  

f l e c t o r  o f  microwaves a s  t h e  a n g l e  between t h e  s u r f a c e  o f  t h e  

ground and t h e  d i r e c t i o n  of  p r o p a g a t i o n  of t h e  waves becomes 

v e r y  s m a l l .  The e f f e c t s  of d i e l e c t r i c  mismatch between a i r  and 

e a r t h  a r e  m a g n i f i e d ,  and t h e  e f f e c t s  of  s u r f a c e  i r r e g u l a r i t y  a r e  

g r e a t l y  d i m i n i s h e d  a t  s m a l l  g r a z i n g  a n g l e s .  When a  v e r t i c a l l y  

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

a t  v e r y  s m a l l  g r a z i n g  a n g l e s ,  t h e r e  i s  a  180 0 phase  s h i f t  between 
6 , 7  i n c i d e n t  and r e f l e c t e d  waves ,  b u t  i m p e r c e p t i b l e  a t t e n u a t i o n .  

F i g u r e  5 . 1  shows t h e  geometry o f  m u l t i p a t h  i n t e r f e r e n c e .  

For p e r f e c t  c a n c e l l a t i o n  of  t h e  l i n e - o f - s i g h t  s i g n a l  by t h e  

r e f l e c t e d  s i g n a l ,  0 
i t  is n e c e s s a r y ,  g i v e n  t h e  180 phase  s h i f t  on 

r e f l e c t i o n ,  f o r  t h e  d i r e c t  p a t h  and t h e  r e f l e c t e d  p a t h  t o  have a  

d i f f e r e n c e  i n  l e n g t h  o f  an i n t e g r a l  number of  wave leng ths .  For 

s m a l l  v a l u e s  o f  t h e  g r a z i n g  a n g l e  +, t h e  approximate  r e l a t i o n s h i p  

between an tenna  h e i g h t s  h l , 2 ,  l e n g t h  o f  t h e  p a t h  L ,  and wavelength  

l e a d i n g  t o  u e r f e c t  c a n c e l l a t i o n  i s  

When t h e  d i f f e r e n c e  between t h e  l e n g t h  o f  t h e  d i r e c t  p a t h  

and t h e  r e f l e c t e d  p a t h  i s  a n  i n t e g r a l  number of  wavelengths  p l u s  

one h a l f  wave leng th ,  t h e  d i r e c t  and r e f l e c t e d  s i g n a l s  add con-  

s t r u c t i v e l y  and a c t u a l l y  i n c r e a s e  t h e  r e c e i v e d  s i g n a l  s t r e n g t h  by 

3 dB ove r  what  would be o b s e r v a b l e  i n  empty s p a c e .  A t h e o r e t i c a l  

g raph  o f  r e c e i v e d  s i g n a l  s t r e n g t h  v s .  r e c e i v i n g  an tenna  h e i g h t  h 2  

f o r  a  h y p o t h e t i c a l  l i n k  o f  l e n g t h  L = 1000 m e t e r s ,  t r a n s m i t t i n g  

a n t e n n a  h e i g h t  h l  = 5  m e t e r s ,  and wavelength  k = 3 cm i s  shown 

i n  F i g u r e  5 . 2 .  





h 2 ,  FOR I, = 1000m, h l  = Sm, X = 0 . 0 3 m . e  

Figure  5 . 2  T h e o r e t i c a l  Received Microwave Power Versus Receiving 
Antenna E l e v a t i o n  (Mul t ipa th  I n t e r f e r e n c e  Case) 
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I n  a  r e a l  s i t u a t i o n ,  where t h e  ground between t r a n s m i t t e r  

and r e c e i v e r  i s  n o t  o f  un i fo rm g r a d e ,  t h e  an t enna  h e i g h t s  must b e  

measured w i t h  r e s p e c t  t o  some ave rage  g r a d e  l e v e l  t a k e n  midway 

between a n t e n n a s .  However, i f  f l u c t u a t i o n s  i n  g rade  a r e  g r e a t ,  

t h e r e  a r e  l i k e l y  t o  be e f f e c t s  o f  f o c u s i n g  o r  d e f o c u s i n g  o f  t h e  

r e f l e c t e d  wave o r  of  r e f l e c t i o n  a t  an  a n g l e  s l i g h t l y  d i f f e r e n t  

f rom t h e  a n g l e  o f  i n c i d e n c e .  These e f f e c t s  would g r e a t l y  compl i -  

c a t e  t h e o r e t i c a l  c a l c u l a t i o n s  o f  any r e a l  s i t u a t i o n .  I n  a d d i t i o n  

t o  t h e s e  e f f e c t s  due s o l e l y  t o  t h e  ground,  p a r t i a l  r e f l e c t i o n s  

p r o b a b l y  a l s o  o c c u r  from t r e e s  and o t h e r  o b j e c t s  a t  t h e  s i d e s  o f  

t h e  r i g h t  of  way. These f u r t h e r  c o m p l i c a t e  t h e  t h e o r e t i c a l  

p i c t u r e .  

I n  s p i t e  o f  t h e  a n a l y t i c a l  d i f f i c u l t i e s  o f f e r e d  by t h e  r e a l  

s i t u a t i o n ,  t h e  most i m p o r t a n t  a s p e c t  of  m u l t i p a t h  i n t e r f e r e n c e  

i s  t h a t  i t  does o c c u r  and  must be  d e a l t  w i t h .  F i g u r e  5 . 3  shows 

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

o f  a n t e n n a  h e i g h t  a t  a  p a r t i c u l a r  t e l e m e t r y  l i n k .  The i m p o r t a n t  

f a c t  a b o u t  t h e  r e s u l t s  i s  t h a t  a t  c e r t a i n  an t enna  e l e v a t i o n s  n u l l s  

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

5 . 3  ALLEVIATION OF MULTIPATH INTERFERENCE EFFECTS 

One d i f f i c u l t  a s p e c t  o f  m u l t i p a t h  e f f e c t s  i s  t h a t  i n  t h e  New 

England envi ronment  t h e  ground l e v e l  s h i f t s  i n  e l e v a t i o n  th rough-  

o u t  t h e  y e a r  a s  snow f a l l s  and m e l t s .  I n  a d d i t i o n ,  t h e  r e f l e c t i v e  

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

l e a v e s .  T h e r e f o r e ,  a  r e c e i v i n g  an tenna  p o s i t i o n  t h a t  i s  optimum 

i n  one s e a s o n  c o u l d  be a  n u l l  p o s i t i o n  a t  some o t h e r  t ime .  I n  

o r d e r  t o  a l l e v i a t e  t h e  p o t e n t i a l  problems t h a t  c o u l d  a r i s e  due t o  

such  s e a s o n a l  f l u c t u a t i o n s ,  t h e  f o l l o w i n g  sys t em d e s i g n  concep t  

was i n v e s t i g a t e d :  

Two r e c e i v i n g  a n t e n n a s ,  p o s i t i o n e d  a p a r t  by an  amount t h a t  

was approx ima te ly  e q u a l  t o  t h e  d i s t a n c e  between a  n u l l  and a  

maximum of  r e c e i v e d  s i g n a l  s t r e n g t h , w e r e  used  i n  a  s h o r t  t e l e m e t r y  

l i n k  s e t  up i n  t h e  l a b o r a t o r y .  The s i g n a l  r e c e i v e d  by each  an -  

t e n n a  was d e t e c t e d  by means o f  a  c r y s t a l  d e t e c t o r ,  p roduc ing  a  

v o l t a g e  p r o p o r t i o n a l  t o  i n s t a n t a n e o u s  microwave power r e c e i v e d .  





The d e t e c t o r  o u t p u t  v o l t a g e s  o r  s i g n a l s  were summed and  t h e  sum 

was r e c o r d e d  a s  t h e  two-antenna  a r r a y  was v a r i e d  i n  e l e v a t i o n .  

I n  t h i s  c a s e ,  t h e  a r r a y  o f  a n t e n n a s  i s  n o t  - an an tenna  a r r a y  i n  t h e  

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

powers t h a t  a r e  added and n o t  t h e  i n s t a n t a n e o u s  f i e l d  s t r e n g t h s  of 

t h e  microwave s i g n a l s  t hemse lves .  

The measurements of d e t e c t e d  s i g n a l s  showed t h a t  whereas 

one a n t e n n a  a l o n e  produced  d e t e c t e d  s i g n a l s  showing v e r y  s h a r p  

n u l l s  a t  un i fo rmly  spaced  i n t e r v a l s  of  e l e v a t i o n ,  t h e  sum o f  

d e t e c t o r  o u t p u t  s i g n a l s  from b o t h  an tennas  v a r i e d  by o n l y  3 dB 

a s  t h e  two-antenna  a r r a y  was moved up and down. Th i s  i s  s imply  

due t o  t h e  f a c t  t h a t  t h e  an t ennas  were p o s i t i o n e d  s o  t h a t  a s  t h e  

s i g n a l  r e c e i v e d  by one a n t e n n a  was d e c r e a s i n g ,  t h a t  o f  t h e  o t h e r  

an t enna  was i n c r e a s i n g ,  a s  t h e  a r r a v  was moved. I t  i s  b e l i e v e d  

t h a t  t h i s  s p a c e - d i v e r s i t y  r e c e i v e r  t e c h n i q u e  cou ld  e l i m i n a t e  

comple t e ly  t h e  t h r e a t  o f  t e l e m e t r y  sys tem f a i l u r e  due t o  s h i f t s  

i n  m u l t i p a t h  i n t e r f e r e n c e  p a t t e r n s .  

5 . 4  SIGNAL FADING DUE TO PRESENCE OF TRAIN O R  OTHER VEHICLE 
BETWEEN TRANSMITTER AND RECEIVER 

I t  i s  w e l l  known t h a t  t h e  microwave energy  d i r e c t e d  from 

one a n t e n n a  t o  a n o t h e r  a n t e n n a  a  c o n s i d e r a b l e  d i s t a n c e  away i s  

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

e q u a l  t o  t h e  d i a m e t e r  of  t h e  a n t e n n a s .  R a t h e r ,  wave f ron t s  

p r o p a g a t e  away from t h e  t r a n s m i t t i n g  an tenna  and s p r e a d  o u t  

f i l l i n g  a  c o n i c a l  beam. For i n s t a n c e ,  i n  t h e  TSC t e l e m e t r y  

sys tem t h e  a n t e n n a s  used  had a  beamwidth o f  6'. 

A s m a l l  s c a t t e r i n g  o b j e c t  p l a c e d  immedia te ly  i n  t h e  l i n e  

of s i g h t  between t h e  two an tennas  w i l l  o n l y  cause  a  s m a l l  

p e r t u r b a t i o n  i n  shape  o f  t h e  t o t a l  w a v e f r o n t s - - t h e  p e r t u r b a t i o n  

w i l l  b e  l a r g e r  n e a r e r  t o  t h e  s c a t t e r i n g  o b j e c t  t h a n  f a r t h e r  

away from i t .  A q u i t e  l a r g e  s c a t t e r i n g  o b j e c t  w i l l  on ly  c a u s e  

p a r t i a l  l o s s  o f  r e c e i v e d  s i g n a l  due t o  t h e  f a c t  t h a t  on ly  a  

p o r t i o n  o f  t h e  w a v e f r o n t s  a r e  i n t e r c e p t e d .  By t h e  same t o k e n ,  

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

n e a r  t o  i t  w i l l  a l s o  p e r t u r b  t h e  w a v e f r o n t s  and cause  a  d e c r e a s e  



i n  r e c e i v e d  s i g n a l .  Th i s  d e c r e a s e  i s  a  f u n c t i o n  o f  s i z e  and 

v o s i t i o n i n g  o f  t h e  s c a t t e r i n g  o b j e c t .  The l a r g e r  t h e  s c a t t e r i n g  

o b j e c t  and t h e  n e a r e r  i t  i s  t o  t h e  l i n e  of  s i g h t ,  t h e  g r e a t e r  

t h e  d e c r e a s e .  

I t  was obse rved  a t  one t e l e m e t r y  l o c a t i o n  t h a t  t h e  r e c e i v e d  

s i g n a l  s t r e n g t h  was reduced  by an  amount somewhat g r e a t e r  t han  

6 dB when a  t r a i n  occup ied  t h e  t r a c k  between t r a n s m i t t e r  and 

r e c e i v e r .  The sudden o n s e t  of  s i g n a l  s t r e n g t h  r e d u c t i o n  w i t h  

a r r i v a l  of  t h e  t r a i n  caused  t h e  t e l e m e t r y  l i n k  t o  m a l f u n c t i o n .  

The cause  of  m a l f u n c t i o n  was t h e  s m a l l  dynamic range  o f  t h e  

f i n a l  s t a g e s  o f  s i g n a l  p r o c e s s i n g  c i r c u i t r y  coup led  w i t h  a  s low 

r e s p o n s e  t ime of  t h e  AGC c i r c u i t  i n  t h e  r e c e i v e r .  The f i n a l  

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

i n  o r d e r  p r o p e r l y  t o  i n t e r p r e t  t h e  s i g n a l s  and d e c i d e  whether  

a t r a i n  was p r e s e n t  o r  a b s e n t .  Upon sudden a r r i v a l  o f  t h e  t r a i n ,  

t h e  s i g n a l  would a lmos t  i n s t a n t a n e o u s l y  be d imin i shed  by a p p r o x i -  

ma te ly  6 dB, and would n o t  r e c o v e r  f o r  a  t ime s l i g h t l y  g r e a t e r  

t h a n  3 s e c o n d s .  The l o s s  o f  s u f f i c i e n t  s i g n a l  f o r  p r o p e r  sys t em 

per formance  would i n i t i a t e  an i n d i c a t i o n  o f  m a l f u n c t i o n .  

I n  o r d e r  t o  o b t a i n  an a c c u r a t e  p i c t u r e  o f  t h e  microwave 

p r o p a g a t i o n  e f f e c t s  i n v o l v e d  i n  t h i s  phenomenon, r e c e i v e d  s i g n a l  

s t r e n g t h  was measured a t  t h e  s i t e  where t h e  problem was most 

a c u t e  a s  a  p a n e l  t r u c k  was s l o w l y  d r i v e n  down t h e  a c c e s s  road  

p a r a l l e l i n g  t h e  t r a c k .  A g r a d u a l  d e c r e a s e  i n  r e c e i v e d  s i g n a l  

s t r e n g t h  was a t  f i r s t  obse rved  a s  t h e  t r u c k  p roceeded  away from 

t h e  r e c e i v e r ,  fo l lowed  by f a s t e r  r a t e  o f  d e c r e a s e  a s  t h e  p a n e l  

t r u c k  n e a r e d  t h e  m i d p o i n t .  When t h e  t r u c k  was midway between 

t r a n s m i t t e r  and r e c e i v e r  t h e  r e d u c t i o n  i n  s i g n a l  s t r e n g t h  was 

g r e a t e s t  and was approx ima te ly  6 dB. 

While t h e  p a n e l  t r u c k  was p r o b a b l y .  i n t e r c e p t i n g  p a r t s  o f  

b o t h  t h e  l i n e - o f - s i g h t  waves and t h e  waves bounced o f f  o f  t h e  

g round ,  i t  i s  b e l i e v e d  t h a t  t h e  r e f l e c t e d  wave r e a c h i n g  t h e  

r e c e i v i n g  a n t e n n a  was most a f f e c t e d .  I t  i s  somewhat s u r p r i s i n g  

t h a t  an o b j e c t  a s  s m a l l  a s  a  p a n e l  t r u c k  cou ld  cause  such  a  

marked d e c r e a s e  i n  s i g n a l  t r a n s m i s s i o n .  The t r a n s m i t t i n g  and 



r e c e i v i n g  a n t e n n a s  were app rox ima te ly  800 me te r s  a p a r t  and were 

a t o p  p o l e s  a ~ p r o x i m a t e l y  7 m e t e r s  h i g h .  The beamwidth o f  b o t h  

t r a n s m i t t i n g  and r e c e i v i n g  an tenna  p a t t e r n s  a t  t h e  midpo in t  i s  a  

f u l l  40 m e t e r s .  The p a n e l  t r u c k  c r o s s  s e c t i o n  was o n l y  ( a p p r o x i -  
2 mate ly )  4  m . The magnitude of t h e  obse rved  e f f e c t  a t  t h a t  p a r -  

t i c u l a r  t e l e m e t r y  s i t e  might  be a g g r a v a t e d  by t h e  f a c t  t h a t  t a l l  

t r e e s  a d j a c e n t  t o  b o t h  s i d e s  o f  t h e  r i g h t  o f  way form a  r e l a t i v e l y  

nar row d u c t  down which t h e  microwaves must p r o p a g a t e ,  t h u s  d e -  

c r e a s i n g  t h e  r e l a t i v e  s p a c e  f o r  waves t o  go around t h e  t r u c k .  

An a d d i t i o n a l  d u c t i n g  phenomenon t h a t  might  be  p r e s e n t  i s  

one t h a t  i s  u s u a l l y  e n c o u n t e r e d  i n  microwave p r o p a g a t i o n  o v e r  

w a t e r  a t  e l e v a t i o n s  of t e n s  of me te r s  o r  l e s s ,  b u t  a l s o  has  been  

obse rved  f r e q u e n t l y  o v e r  l a n d . 7  Under c e r t a i n  c i r c u m s t a n c e s  such 

a s  when s u r f a c e  m o i s t u r e  i s  e v a p o r a t e d  by t h e  h e a t  o f  s u n l i g h t ,  

t h e  a i r  immedia te ly  a d j a c e n t  t o  t h e  s u r f a c e  c o n t a i n s  more m o i s t u r e  

t h a n  t h e  a i r  a t  g r e a t e r  a l t i t u d e s .  Th i s  a i r  has  a  g r e a t e r  r e l a t i v e  

d i e l e c t r i c  c o n s t a n t  and t h e r e f o r e  a  g r e a t e r  i ndex  o f  r e f r a c t i o n  

t h a n  t h e  a i r  immedia te ly  above.  

Microwaves d i r e c t e d  upward a t  an  a n g l e  s l i g h t l y  above t h e  

h o r i z o n t a l  w i l l  b e  r e f r a c t e d  downward a g a i n  by t h e  n e g a t i v e  g r a d i e n t  

o f  i ndex  of  r e f r a c t i o n .  The ground and some p o i n t  above t h e  

ground w i l l  e s s e n t i a l l y  form t h e  bot tom and t o p  of  a  d u c t  t h a t  

c o n t a i n s  t h e  microwave ene rgy .  Whereas t h i s  e f f e c t  i s  most p r o -  

nounced o v e r  w a t e r ,  t h e  f a c t  t h a t  i t  can o c c u r  o v e r  l a n d  might  

accoun t  f u r t h e r  f o r  t h e  magnitude o f  s i g n a l  r e d u c t i o n  due t o  t h e  

t r u c k  because  o f  c o n c e n t r a t i o n  of t h e  t r a n s m i t t e d  microwaves i n t o  

t h e  r e g i o n  w i t h i n  a  few t e n s  of  m e t e r s  o f  t h e  ground.  

The g r a d u a l  v a r i a t i o n  o f  a  few dB i n  r e c e i v e d  s i g n a l  s t r e n g t h  

t h a t  was obse rved  even i n  t h e  absence  of  t h e  t r u c k  o r  t r a i n s  i s  

p r o b a b l y  due t o  t h e  e x p e c t e d  f l u c t u a t i o n s  i n  p r o p e r t i e s  of t h e  

d u c t  due t o  t h e  e f f e c t s  o f  b r e e z e s  and  v a r i a t i o n  i n  r a t e  of  s o l a r  

e v a p o r a t i o n  o f  m o i s t u r e  from t h e  ground.  



5 . 5  SYSTEM DESIGN TO DIMINISH EFFECTS OF FADING 

Under a l l  obse rved  c i r cums tances  t o  d a t e ,  f a d i n g  s e v e r e  

enough t o  cause  t h e  s i g n a l  t o  d i s a p p e a r  i n t o  t h e  n o i s e  has  n e v e r  

been  obse rved  i n  any g r a d e  c r o s s i n g  t e l e m e t r y  l i n k .  Fading 

problems have  a r i s e n  because  o f  l i m i t a t i o n s  on i n s t a n t a n e o u s  

dynamic r ange  o f  r e c e i v e r s  u sed .  Given t h a t  s i g n a l - t o - n o i s e  

r a t i o s  a r e  g e n e r a l l y  a d e q u a t e  even  when f a d i n g  i s  a t  i t s  

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

on a  s l o w - a c t i n g  AGC c i r c u i t  t o g e t h e r  w i t h  l i n e a r  s i g n a l  am- 

p l i f i e r s  i n  t h e  r e c e i v e r  i n  o r d e r  t o  ~ r o v i d e  maximum a t t a i n a b l e  

s i g n a l - t o - n o i s e  r a t i o  w h i l e  a t  t h e  same t ime m a i n t a i n i n g  s i g n a l s  

a t  t h e i r  p r o p e r  l e v e l s .  

A n a l y s i s  o f  o b s e r v a t i o n s  o f  t e l e m e t r y  sys tem per formance  t o  

d a t e  i n d i c a t e s  t h a t  t h e  f o l l o w i n g  sys tem c o n f i g u r a t i o n  might  b e s t  

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

sys tem.  The f i r s t  s t a g e s  of  s i g n a l  a m p l i f i c a t i o n  a f t e r  t h e  

microwave c r y s t a l  d e t e c t o r  s h o u l d  be  c o n t r o l l e d  by an AGC c i r c u i t  

s o  t h a t  t h e  s i g n a l ,  a f t e r  t h e  f i r s t  few s t a g e s ,  i s  always a p p r o x i -  

mate ly  of  c o n s t a n t  v a l u e ,  i ndependen t  of  l o n g - t e r m  f l u c t u a t i o n s  i n .  

microwave s i g n a l  r e c e i v e d  a t  t h e  a n t e n n a .  The s i g n a l - t o - n o i s e  

r a t i o  a t  t h e  o u t p u t  of  t h e s e  f i r s t  few s t a g e s  w i l l  be maximum 

a t t a i n a b l e  s i n c e  a m p l i f i c a t i o n  has  been l i n e a r .  Then t h e r e  shou ld  

be a  s t a g e  o f  a m p l i f i c a t i o n  and l i m i t i n g ,  p robab ly  i n  c o n j u n c t i o n  

w i t h  narrow-band f i l t e r i n g ,  t o  produce a  s i g n a l  whose ampl i tude  

w i l l  n o t  v a r y  even when t h e  i n p u t  s i g n a l  t o  t h e  l i m i t i n g  s t a g e  

s u f f e r s  sudden d e c r e a s e s  by a s  much a s  10 dB. That  i s ,  t h e r e  

s h o u l d  be approx ima te ly  10 dB of  l i m i t i n g .  When employing a  

nar row-band l i m i t e r  t h e  s i g n a l - t o - n o i s e  r a t i o  a t  t h e  i n p u t  of t h e  

l i m i t e r  s t a g e  i s  e s s e n t i a l l y  p r e s e r v e d  a s  l ong  a s  a  s i g n a l  much 

l a r g e r  t h a n  t h e  n o i s e  i s  p r e s e n t .  The n o n l i n e a r  a m p l i f i c a t i o n  

c a u s e s  t h e  n o i s e  o u t p u t  t o  be  d e c r e a s e d  i n  ampl i tude  a s  t h e  s i g n a l  

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

d i s a p p e a r s  a t  t h e  i n p u t ,  t h e  n o i s e  i s  no l o n g e r  reduced  and 

t h e r e f o r e  t h e  n o i s e  o u t p u t  sudden ly  i n c r e a s e s  i n  a m p l i t u d e .  For 

s i g n a l - t o - n o i s e  r a t i o s  much l a r g e r  t h a n  u n i t y ,  t h e  r a t i o  of 

s i g n a l  t o  n o i s e  when s i g n a l  i s  a b s e n t  i s  d e c r e a s e d  by an amount 



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

such  a  sys t em can  on ly  be used  i n  a  s i t u a t i o n  i n  which t h e  

s i g n a l - t o - n o i s e  r a t i o  i s  e n t i r e l y  s a t i s f a c t o r y .  Th i s  i s  t h e  c a s e  f o r  

t h e  TSC g r a d e  c r o s s i n g  t e l e m e t r y  sys tem.  Such d e s i g n  o f  t h e  

s i g n a l  a m p l i f i c a t i o n  and e q u a l i z a t i o n  s t a g e s  of  t h e  t e l e m e t r y  

r e c e i v e r  s h o u l d  overcome t h e  e f f e c t s  of  b o t h  l o n g - t e r m  and 

s h o r t - t e r m  f a d i n g  i n  t h e  microwave t r a n s m i s s i o n  l i n k .  

The coding  and modu la t ion  scheme employed t o  impress  i n -  

f o r m a t i o n  on t h e  microwave beam s h o u l d  be  compa t ib l e  w i t h  t h e s e  

s i g n a l - a m p l i t u d e  c o n t r o l  t e c h n i q u e s .  I f  t o n e - b u r s t  modula t ion  i s  

used  i n  which t h e  f r equency  of  t h e  modu la t ion  enve lope  i s  v a r i e d  

t o  i n d i c a t e  t r a i n  p r e s e n c e  v s .  t r a i n  a b s e n c e ,  t h e  modu la t ion  

f r e q u e n c i e s  s h o u l d  n o t  be  h a r m o n i c a l l y  r e l a t e d .  Use o f  non- 

harmonic f r e q u e n c i e s  w i l l  e l i m i n a t e  t h e  problem o f  t h e  n o n l i n e a r  

l i m i t i n g  p r o c e s s  g e n e r a t i n g  s p u r i o u s  s i g n a l s  t h a t  can  be  f a l s e l y  

i n t e r p r e t e d  by t h e  r e c e i v e r  c i r c u i t .  

5 . 6  CONCLUSION 

F i e l d  o b s e r v a t i o n s  o f  t h e  ~ e r f o r m a n c e  of  t h e  TSC g rade  

c r o s s i n g  t e l e m e t r y  sys t em have p r o v i d e d  d a t a  on b o t h  s h o r t - t e r m  

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

obse rved  b e h a v i o r  g e n e r a l l y  a g r e e s  w i t h  well-known t h e o r i e s  o f  

microwave t r a n s m i s s i o n .  The u l t i m a t e  t e s t  o f  a  microwave t r a n s -  

m i s s i o n  sys t em i s  o b s e r v a t i o n  o f  t h e  s i g n a l - t o - n o i s e  r a t i o  a t  t h e  

r e c e i v e r ,  and judgment o f  whether  i t  i s  adequa te  f o r  p r o p e r  s y s -  

tem pe r fo rmance .  I n  s p i t e  o f  t h e  f l u c t u a t i o n s  i n  s i g n a l  t r a n s -  

m i s s i o n  obse rved  i n  t h e  TSC g rade  c r o s s i n g  t e l e m e t r y  s y s t e m s ,  

s i g n a l - t o - n o i s e  r a t i o s  were always adequa te .  Employment o f  an 

a r r a y  o f  two a n t e n n a s  and d e t e c t o r s  a t  t h e  r e c e i v e r  end  o f  t h e  

t e l e m e t r y  l i n k  s h o u l d  p r o t e c t  a g a i n s t  t h e  p o t e n t i a l l y  most s e v e r e  

p r o b l e m - - t h a t  o f  comple te  s i g n a l  c a n c e l l a t i o n  due t o  m u l t i p a t h  

i n t e r f e r e n c e .  P rope r  d e s i g n  of  t h e  r e c e i v e r  a m p l i f i e r  and s i g n a l  

p r o c e s s i n g  c i r c u i t  s h o u l d  e l i m i n a t e  a l l  problems o f  f a d i n g  and  

f l u c t u a t i o n  o f  t r a n s m i t t e d  s i g n a l  t h a t  have been obse rved  t o  d a t e .  





6 ,  SOLAR POWER 

The t r a n s m i t t e r s  f o r  t h e  t e l e m e t r y  sys t em a r e  g e n e r a l l y  t o  

be l o c a t e d  a s  much a s  1000 me te r s  from t h e  c r o s s i n g .  Commercial 

e l e c t r i c i t y  t o  power t h e  t r a n s m i t t e r  w i l l  o f t e n '  n o t  be  a v a i l a b l e .  

I t  i s  t h e r e f o r e  a p p r o p r i a t e  t o  c o n s i d e r  u s i n g  an a l t e r n a t i v e  

power s o u r c e .  

A s  an  a l t e r n a t i v e ,  s o l a r  power a m e a r s  t o  b e  q u i t e  p romis ing .  

The b a s i c  c o n f i g u r a t i o n  would c o n s i s t  o f  an a r r a y  o f  s o l a r  c e l l s ,  

d e v i c e s  which c o n v e r t  s o l a r  energy  d i r e c t l y  i n t o  e l e c t r i c a l  e n e r g y ,  

c h a r g i n g  a  s t o r a g e  b a t t e r y .  The b a t t e r y  would t h e n  supp ly  power 

d u r i n g  n i g h t  o r  c loudy c o n d i t i o n s .  Research and t e s t i n g  o f  s o l a r  

c e l l s  h a s  been e x t e n s i v e  f o r  t h e  l a s t  twenty  y e a r s  - -  s u p p o r t e d  

p r i m a r i l y  by NASA and B e l l  Telephone L a b o r a t o r i e s .  S o l a r  p a n e l s  

a r e  now commerc ia l ly  a v a i l a b l e  from a t  l e a s t  t h r e e  d i f f e r e n t  

m a n u f a c t u r e r s .  These p a n e l s  a r e  c a p a b l e  o f  g e n e r a t i n g  a v e r a g e  

power d e n s i t i e s  o f  0.5 t o  2 . 0  w a t t s  p e r  s q .  f o o t  o f  s o l a r   ane el 

a r e a ,  depending  on t h e  g e o g r a u h i c a l  l o c a t i o n  i n  t h e  U.S . ,  and 

c o s t s  a r e  app rox ima te ly  $100 t o  $400 u e r  w a t t  of ave rage  o u t p u t  

power. These c o s t  f i g u r e s  i n c l u d e  t h e  c o s t s  of b o t h  t h e  s o l a r  

c e l l s  and t h e  b a t t e r i e s .  This  t e c h n i q u e  was t e s t e d  a s  p a r t  o f  

t h e  t e l e m e t r y  sys tem f i e l d  t e s t  program. 

6 .2  BASIC PRINCIPLES 

F igu re  6 . 1  shows a  pho tog raph  of  a  f i v e  c e l l  s o l a r  p a n e l .  

Each o f  t h e  c e l l s  i s  f a b r i c a t e d  from s i n g l e - c r y s t a l  s i l i c o n  and 

has  an o v e r a l l  c o n v e r s i o n  e f f i c i e n c y  of  a b o u t  1 2  p e r c e n t .  S o l a r  

c e l l s  have a l s o  been f a b r i c a t e d  from s e l e n i u m ,  cadmium-su l f ide ,  

and germanium, a l l  a c h i e v i n g  much lower  e f f i c i e n c i e s .  

U n f o r t u n a t e l y ,  p h y s i c a l  p r i n c i p l e s  r e s t r i c t  t h e i r  o p e r a t i o n  

t o  t h e  r e d  t o  i n f r a - r e d  p o r t i o n  of "e s o l a r  spec t rum.  Th i s  i s  

t h e  r e g i o n  t h a t  i s  most a f f e c t e d  by c louds  and f o g ,  s o  t h a t  even 

a  h i g h ,  t h i n  c l o u d  l a y e r  w i l l  g r e a t l y  r educe  t h e  o u t p u t  o f  t h e  





p a n e l s .  However, even w i t h  t h i s  problem,  t h e r e  i s  no l o c a t i o n  i n  

t h e  c o n t i n e n t a l  U.S. where s o l a r  p a n e l s  would n o t  b e  e f f e c t i v e .  

The Un i t ed  S t a t e s  Weather S e r v i c e  h a s ,  ove r  t h e  p a s t  f o r t y  y e a r s ,  

been  g a t h e r i n g  d a t a  on t h e  amount o f  i n c i d e n t  s o l a r  e n e r g y ,  f o r  

v a r i o u s  p a r t s  of  t h e  c o u n t r y ,  a t  v a r i o u s  t imes  o f  t h e  y e a r .  

While t h e r e  i s  some v a r i a t i o n  a s  t o  t h e  a v e r a g e  r a d i a t i o n  t h a t  a  

p a r t i c u l a r  l o c a t i o n  r e c e i v e s ,  t h e  w o r s t  l o c a t i o n  ( n o r t h e r n  

M i n n e s o t a ) ,  which r e c e i v e s  o n l y  h a l f  a s  much s u n l i p h t  a s  t h e  

b e s t  l o c a t i o n  ( s o u t h e r n  New Mexico) ,  i s  s t i l l  a n  a r e a  where s o l a r  

p a n e l s  c o u l d  be  e f f e c t i v e . *  

The s u r f a c e  o f  t h e  s o l a r  p a n e l s  w i l l  p r o b a b l y  n e v e r  r e q u i r e  

c l e a n i n g .  The p a n e l s ,  i n  t h e  U.S . ,  w i l l  a lways be  mounted a t  a  

s u b s t a n t i a l  a n g l e  from t h e  h o r i z o n t a l ,  and wind and r a i n  s h o u l d  

keep t h e  p a n e l s  r e a s o n a b l y  c l e a n .  A l so ,  t h e  p a n e l s  w i l l  b e  

mounted some twenty  f e e t  o f f  t h e  g round ,  and w i l l  b e  above most 

of  t h e  mud, d i r t ,  and snow d r i f t s .  F l a t  microwave a n t e n n a s  have 

been exposed  t o  t h e  r a i l r o a d  envi ronment  f o r  o v e r  a  y e a r  w i t h  

no a p p a r e n t  d i r t  f o r m a t i o n  on t h e  s u r f a c e .  

6 . 3  TEST AND PRELIMINARY CONCLUSIONS 

The p a n e l  shown i n  t h e  p h o t o g r a ~ h  of F igu re  6 . 1  was t h e  

model t h a t  was pu rchased  f o r  f i e l d  t e s t i n g .  The p a n e l  c o s t  $ 3 0 ,  

and when exposed t o  d i r e c t  s u n l i g h t ,  g e n e r a t e s  1 w a t t  o f  

e l e c t r i c  power. Four o f  t h e s e  u n i t s  were mounted i n  an  e n c l o s u r e  

under  a  1 /4"  s h e e t  o f  c l e a r  p o l y c a r b o n a t e  (Lexan) .  The p l a s t i c  

cove r  does d e c r e a s e  t h e  p a n e l ' s  o u t p u t  by abou t  20 p e r c e n t ,  b u t  

o f f e r s  s u b s t a n t i a l  p r o t e c t i o n  a g a i n s t  vanda l i sm,  and  was t h e r e f o r e  

u sed .  I f  s o l a r  c e l l s  were t o  f i n d  a  ma jo r  marke t  i n  a  r a i l r o a d  

env i ronmen t ,  t h e  c e l l s  c o u l d  be encased  d i r e c t l y  i n  t h i c k e r  p l a s t i c  

a t  a  1 p e r c e n t  d e c r e a s e  r a t h e r  t h a n  a  20 p e r c e n t  d e c r e a s e  i n  

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

a DC-DC i n v e r t e r  were i n s t a l l e d  a t  b o t h  o f  t h e  t r a n s m i t t e r s  a t  one 

*For  a  good d i s c u s s i o n  on t h e  p h y s i c s  of s o l a r  c e l l  o p e r a t i o n ,  a s  
w e l l  a s  w e a t h e r  and mounting d a t a ,  s e e  Zarem, A.FI . ,  and Erway, , 

D . D . ,  I n t r o d u c t i o n  t o  t h e  U t i l i z a t i o n  of  s o l a r  ~ n e r ~ ~ ,  McGraw- 
? 

H i l l ,  New York, 1963.  



t e s t  s i t e .  The i n v e r t e r s  were n e c e s s a r y  t o  c o n v e r t  t h e  2 v o l t  

o u t p u t  from t h e  p a n e l s  t o  t h e  1 2  v o l t  i n p u t  t o  t h e  t r a n s m i t t e r s .  

The i n v e r t e r s  which have an o v e r a l l  e f f i c i e n c y  of 8 8  p e r c e n t  

were pu rchased  from t h e  s o l a r  p a n e l  m a n u f a c t u r e r .  

The p a n e l s  were mounted i n  a  f i x e d  p o s i t i o n ,  f a c i n g  S o u t h ,  

which i n  t h e  Nor the rn  Hemisphere i s  t h e  d i r e c t i o n  o f  g r e a t e s t  

i n t e n s i t y .  The p a n e l s  a r e  a l s o  p i t c h e d  a t  an a n g l e  from t h e  

h o r i z o n t a l  e q u a l  t o  t h e  l a t i t u d e  of  t h e  t e s t  s i t e  - -  42 d e g r e e s .  

A u n i t  r eady  f o r  f i e l d  t e s t w a s  shown i n  t h e  photograph  o f  F igu re  

3 . 6 .  

In  a d d i t i o n  t o  t h e  u s e  o f  a  f i x e d  mounting,  c o n s i d e r a t i o n  has  

been g i v e n  t o  t h e  e f f e c t i v e n e s s  o f  p l a c i n g  a  c l e a r  dome-shaped l e n s  

o r  c o n c e n t r a t o r  o v e r  each  of  t h e  c e l l s ,  and a l s o  of  hav ing  t h e  

s o l a r  p a n e l s  move and t h e r e b y  t r a c k  t h e  s u n ,  a s  methods o f  i n -  

c r e a s i n g  t h e  t o t a l  amount o f  r e c e i v e d  s o l a r  e n e r g y .  While p l a c i n g  

l e n s e s  o v e r  t h e  c e l l s  would i n c r e a s e  t o t a l  o u t p u t  power,  t h e  c o s t  

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

N e i t h e r  does t r a c k i n g  appea r  t o  be p r a c t i c a l ,  i n  a  s m a l l  i n s t a l l a -  

t i o n  o f  t h i s  t y p e ,  s i n c e  i t  would t a k e  more power t o  move t h e  

p a n e l s  t h a n  would be  g a i n e d  by such  a  scheme. 

Data from t h e  U . S .  Weather S e r v i c e  i n d i c a t e s  t h a t ,  on t h e  

a v e r a g e ,  t h e  Boston a r e a  r e c e i v e s  abou t  3 . 6  hour s  of peak sun  

l i g h t  p e r  d a y ,  assuming t h e  mounting c o n d i t i o n  d e s c r i b e d  above .  

Th i s  means t h a t  t h e  s o l a r  power u n i t  o f  F i g u r e  6 . 1 ,  t a k i n g  i n t o  

accoun t  l o s s e s  due t o  --the p l a s t i c  cove r  and t h e  i n v e r t e r ,  would 

be a b l e  t o  s u p p l y  0 .4  w a t t  o f  ave rage  power t o  a  l o a d .  The t r a n s -  

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

s i t e  r e p r e s e n t  an  a v e r a g e  l o a d  o f  0.130 w a t t ,  s o  t h a t  t h e  s o l a r  

p a n e l  sys tem h a s  a  d e s i g n  s a f e t y  f a c t o r  o f  3 .  The u n i t s  were 

i n s t a l l e d  a t  t h e  s i t e  and t h e  b a t t e r y ' s  d e p t h  of  c h a r g e  was meas- 

u r e d  p e r i o d i c a l l y  f o r  t h r e e  months.  Both sys tems have  c o n s i s t e n -  

t l y  powered t h e  t r a n s m i t t e r s  and h e l d  t h e  b a t t e r i e s  t o  a  70 t o  100 

p e r c e n t  c h a r g e .  

J u d g i n g  from t h e s e  l i m i t e d  f i e l d  t e s t s ,  a s  w e l l  a s  o t h e r  

r e p o r t e d  s o l a r  p a n e l  t e s t s ,  i t  would appea r  t h a t  when an ex-  

p e n d i t u r e  o f  $100 t o  $ 4 0 0  p e r  w a t t  i s  w a r r a n t e d ,  s o l a r  power can 

be  an e f f e c t i v e  means o f  p r o v i d i n g  remote e l e c t r i c  power. 

6 - 4  



7 ,  RADAR STUDIES 

7 . 1  FEASIBILITY OF RADAR 

The t a s k  of l o c a t i n g  o b j e c t s  , c h a r a c t e r i z i n g  r e l a t i v e  

l o c a t i o n  and v e l o c i t y ,  i s  one t h a t  h a s  been  s o l v e d  yn many ap -  

p l i c a t i o n s  ove r  t h e  l a s t  t h i r t y  y e a r s  by t h e  u s e  of  r a d a r .  In  

e s s e n c e ,  a  r a d i o  s i g n a l  i s  t r a n s m i t t e d  and t h e  r e q u i r e d  in fo rma-  

t i o n  i s  o b t a i n e d  by a n a l y s i s  of  any r e f l e c t e d  r e t u r n  s i g n a l .  A 

c l o s e l y  r e l a t e d  a p p l i c a t i o n  of  t h i s  t e c h n i q u e  i s  t h a t  of  highway 

speed  m o n i t o r i n g  used  by many p o l i c e  depa r tmen t s .  The concep t  

a s  a p p l i e d  t o  g r a d e  c r o s s i n g s  would c o n s i s t  o f  t h e  u s e  of  two 

such  r a d a r s ,  one f o r  each  d i r e c t i o n ,  t o  i n d i c a t e  t h e  approach  o f  

t r a i n s ,  s o  t h a t  warn ing  s i g n a l s  c o u l d  t h e n  be  a c t i v a t e d .  

Microwave r a d a r ,  u s e d  f o r  d e t e c t i o n  of  t r a i n  p r e s e n c e  and /o r  

mo t ion ,  can  s e r v e  t h r e e  d i f f e r e n t  f u n c t i o n s  i n  c r o s s i n g  p r o t e c t i o n .  

The f i r s t  i s  t h a t  o f  a n  a r r i v a l  t ime p r e d i c t o r ,  making t h e  app ro -  

p r i a t e  measurements and s u p p l y i n g  t h e  n e c e s s a r y  i n f o r m a t i o n  t o  

p r o v i d e  a  uni form warning  t i m e ,  r e g a r d l e s s  o f  t r a i n  v e l o c i t y .  

I n  t h i s  a p p l i c a t i o n  ( c a s e  # I ) ,  t h e  r a d a r  i s  supplementary  t o  

o t h e r  b a s i c  t r a i n  d e t e c t i o n  means. A l t e r n a t i . v e l y ,  r a d a r  can  be 

used  a s  a  p r imary  d e t e c t i o n  means, e i t h e r  c r o s s i n g - l o c a t e d ,  w i t h  

a  r ange  o f  app rox ima te ly  3,000 f e e t  f o r  80 mph t r a i n s  ( c a s e  # 2 ) ,  

o r  - -  i n  s h o r t  form - -  a s  t h e  down- t rack  s e n s i n g  component i n  t h e  

b a s i c  t e l e m e t r y  sys t em ( c a s e  # 3 ) .  These l a t t e r  c a s e s  o f f e r  t h e  

p o t e n t i a l  o f  r e l a t i v e l y  low c o s t ,  b u t  w i l l  r e q u i r e  c a r e f u l  de -  

velopment  i n  o r d e r  t h a t  n o n - f a i l s a f e  f a i l u r e  modes a r e  v i r t u a l l y  

e l i m i n a t e d .  

While t h e r e  a r e  many advan tages  and b e n e f i t s  i n v o l v e d  i n  

u s i n g  r a d a r  f o r  c r o s s i n g  p r o t e c t i o n  - -  c o n s t a n t  warn ing  t i m e s ,  

low c o s t ,  i n s t a l l a t i o n  by l o c a l  highway depa r tmen t s  w i t h  o n l y  

l i m i t e d  r a i l r o a d  invo lvemen t ,  e t c .  - -  t h e  c o n s t r a i n t s  and p r o b -  

lems a r e  q u i t e  s e v e r e .  The t a s k  u n d e r t a k e n  was t o  c o n s i d e r  t h e  

g e n e r a l  f e a s i b i l i t y  o f  a  r a d a r  app roach ,  and t h e  remainder  o f  

t h i s  s e c t i o n  d e a l s  w i t h  t h a t  q u e s t i o n .  



7 . 2  AREAS OF TECHNICAL CONSIDERATION 

7 . 2 . 1  I n f o r m a t i o n  Requirements  

Case #1: In  a  c a s e  #1 a p p l i c a t i o n ,  t h e  two r a d a r  u n i t s  

would be l o c a t e d  a t  t h e  c r o s s i n g  and would be used i n  a d d i t i o n  

t o  e i t h e r  a  t r a c k  c i r c u i t  o r  t e l e m e t r y  l i n k .  The r a d a r  would 

n o t  no rma l ly  be  o p e r a t i n g ,  b u t  would be a c t i v a t e d  by t h e  " t r a i n  

approaching"  s i g n a l  from e i t h e r  t h e  t r a c k  c i r c u i t  o r  t e l e m e t r y  

l i n k .  A f t e r  a c t i v a t i o n ,  t h e  r a d a r  would c o n t i n u o u s l y  mon i to r  

t h e  t r a i n ' s  speed  and d i r e c t i o n .  This  i n f o r m a t i o n ,  i n t e g r a t e d  

w i t h  t i m e ,  a l o n g  w i t h  t h e  e x a c t  t ime t h a t  t h e  r a d a r  was f i r s t  

a c t i v a t e d ,  and t h e  f i x e d  l e n g t h  o f  t h e  t r a c k  c i r c u i t ,  i s  a l l  t h a t  

i s  n e c e s s a r y  f o r  an  a c c u r a t e  p r e d i c t i o n  o f  t h e  t r a i n ' s  a r r i v a l  a t  

t h e  c r o s s i n g .  This  c o n f i g u r a t i o n  would be  a b l e  t o  supp ly  a  

c o n s t a n t  m o t o r i s t  warn ing  t i m e ,  i ndependen t  o f  t r a i n  v e l o c i t y ,  

a c c e l e r a t i o n  o r  even s w i t c h i n g  movements. Th i s  would c l e a r l y  be 

an advan tage  i f  n o t  a  n e c e s s i t y  a t  many f u t u r e  c r o s s i n g s ,  where 

pe rhaps  bo th  h i g h  speed  p a s s e n g e r  t r a i n s  and lower  speed  f r e i g h t  

and work t r a i n s  might  u s e  t h e  same t r a c k .  

I n  t h i s  a p p l i c a t i o n  t h e  g e n e r a l  problem i s  c o m p l i c a t e d  some- 

what by t h e  r e q u i r e m e n t  f o r  l ong  r ange  o p e r a t i o n  - -  2,000 t o  4,000 

f e e t .  F a i l s a f e  o p e r a t i o n  and h igh  r a d a r  r e l i a b i l i t y ,  w h i l e  s t i l l  

v e r y  s e r i o u s  p rob lems ,  a r e  somewhat l e s s  c r i t i c a l  h e r e  t h a n  i n  

c a s e s  # 2  and # 3 ,  as  t h e  p r imary  s e n s i n g  i s  done by a n o t h e r  p a r t  

of t h e  sys t em.  The t r a c k  c i r c u i t  o r  t e l e m e t r y  l i n k  would r e a l l y  

be t h e  major  f a c t o r  i n  p r o v i d i n g  p r o t e c t i o n  h e r e .  I f ,  a t  any t i m e ,  

t h e  r a d a r  was de t e rmined  (by i n t e r n a l  s e l f - c h e c k  c i r c u i t r y )  t o  be 

p o t e n t i a l l y  i n  e r r o r ,  t h e  t r a c k  c i r c u i t  o r  t e l e m e t r y  l i n k  would 

assume f u l l  c o n t r o l  and an immediate warn ing  would be  g i v e n  t o  t h e  

m o t o r i s t .  The s e l f - c h e c k  c i r c u i t r y  would,  c o n c e i v a b l y ,  t e s t  f o r  a  

weak o r  n o n - e x i s t e n t  r a d a r  r e t u r n  s i g n a l ,  u h y s i c a l l y  i m p o s s i b l e  

changes i n  t r a i n  speed  o r  d i r e c t i o n ,  m u l t i p l e  t r a i n  v e l o c i t i e s ,  e t c .  

Case # 2 :  I n  t h e  second and most d i f f i c u l t  a p p l i c a t i o n ,  t h e  

r a d a r  would be  t h e  p r imary  means of  d e t e c t i o n  and would a l s o  f u r n i s h  

a  con t inuous  measurement o f  t h e  t r a i n ' s  s p e e d ,  d i r e c t i o n  of t r a v e l ,  

and r a n g e .  The c o n f i g u r a t i o n  would be s i m i l a r  t o  t h e  f i r s t  c a s e ,  



b u t  would n o t  i n v o l v e  t h e  u s e  o f  e i t h e r  a  t r a c k  c i r c u i t  o r  

t e l e m e t r y  l i n k .  I n  t h i s  a p p l i c a t i o n  t h e  r a d a r  must p r o v i d e  a  

c o n t i n u o u s  r a n g e  measurement s i n c e  t h e  i n f o r m a t i o n  i s  n o t  a v a i l -  

a b l e  from any o t h e r  s o u r c e .  Of c o u r s e ,  t h e  r a d a r  would have t o  

b e  o p e r a t i n g  c o n t i n u o u s l y  and  t h e  f a i l s a f e  and r e l i a b i l i t y  r e -  

qu i r emen t s  would be  ex t r eme ly  s e v e r e .  

From a  r a i l r o a d  s t a n d p o i n t  t h i s  c a s e  would appea r  t o  be  t h e  

i d e a l  a p p l i c a t i o n .  I n  a d d i t i o n  t o  a l l  t h e  b e n e f i t s  o f  a  c a s e  #1 

a p p l i c a t i o n ,  i n s t a l l a t i o n  and o p e r a t i o n  would be  comple t e ly  ex-  

t e r n a l  from r a i l r o a d  p r o p e r t y ,  t r a c k ,  and c i r c u i t r y .  Thus 

i n s t a l l a t i o n  and main tenance  cou ld  b e  per formed by l o c a l  highway 

depa r tmen t s  w i t h  on ly  l i m i t e d  r a i l r o a d  involvement .  U n f o r t u n a t e l y ,  

however,  t h i s  a p p l i c a t i o n  i s  a l s o  t h e  most d i f f i c u l t  i n  terms of  

t h e  t e c h n i c a l  r e q u i r e m e n t s .  

Case # 3 :  I n  t h e  t h i r d  a p p l i c a t i o n  t h e  r a d a r  u n i t  would be  

used  a s  a  s e n s o r  o n l y .  The u n i t s  would be  mounted on t h e  

t e l e m e t r y  t r a n s m i t t e r  p o l e s ,  some 2,000 t o  4,000 f e e t  from t h e  

c r o s s i n g .  The r a d a r  would s e n s e  t r a i n  p r e s e n c e ,  s p e e d ,  and 

d i r e c t i o n .  This  i n f o r m a t i o n  would t h e n  be communicated back t o  

t h e  c r o s s i n g ,  v i a  t h e  t e l e m e t r y  l i n k ,  s o  t h a t  c o n s t a n t  warn ing  

t imes  c o u l d  t h e n  be  c a l c u l a t e d .  

The g e n e r a l - r a d a r  problem i s  e a s e d  c o n s i d e r a b l y  h e r e ,  due 

t o  t h e  r e l a t i v e l y  s h o r t  d i s t a n c e  ( l e s s  t h a n  100 f e e t )  ove r  which 

t h e  r a d a r  o p e r a t e s .  However, t h e  s p e c i f i c  problems o f  t h e  

n e c e s s i t y  o f  v e r y - h i g h  r e l i a b i l i t y  and absence  of n o n - f a i l s a f e  

f a i l u r e  modes i s  paramount  h e r e ,  a s  t h e  r a d a r  i s  t h e  on ly  means 

of  t r a i n  d e t e c t i o n .  

Th i s  a p p l i c a t i o n  i s  a l s o  l i m i t e d  by t h e  f a c t  t h a t  v e l o c i t y  

i s  n o t  mon i to red  c o n t i n u o u s l y ,  b u t  r a t h e r  j u s t  a t  t h e  a c q u i s i t i o n  

p o i n t .  T h e r e f o r e ,  a c c e l e r a t i n g  o r  d e c e l e r a t i n g  o r  s w i t c h i n g  

movements w i l l  t e n d  t o  c o n f u s e  t h e  r a d a r .  For  example,  i f  a  t r a i n  

i s  t r a v e l i n g  towards a  p a r t i c u l a r  c r o s s i n g  a t  30 mph and i f  t h e  

t e l e m e t r y  t r a n s m i t t e r  i s  l o c a t e d  3,000 f e e t  from t h e  c r o s s i n g ,  

w i t h  no a c c e l e r a t i o n  o r  d e c e l e r a t i o n ,  t h e  t r a i n  w i l l  a r r i v e  a t  

t h e  c r o s s i n g  6 8  seconds  a f t e r  b e i n g  s e n s e d .  For a  25-second 



warning t i m e ,  t h i s  r e q u i r e s  a  d e l a y  of  43 seconds .  But i f  i m -  

m e d i a t e l y  a f t e r  b e i n g  s e n s e d  a t  30 mph, t h e  t r a i n  a c c e l e r a t e d  

a t  a  r a t e  o f  0 . 1  f t  p e r  s e c .  ( a  r a t e  e a s i l y  o b t a i n a b l e  by many 

p a s s e n g e r  t r a i n s )  t h e  t r a i n  w i l l  a r r i v e  a t  t h e  c r o s s i n g  43 seconds  

a f t e r  b e i n g  s e n s e d  - w i t h  no advance warning .  While t h e  s i t u a t i o n  

j u s t  d e s c r i b e d  i s  p r o b a b l y  n o t  a  common one - -  e x c e p t  a t  c r o s s i n g s  

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

The normal  warn ing  t ime must t h e n  be s u f f i c i e n t  t o  p r o v i d e  a  

minimum warning  t ime o f  25  seconds  even i f  t h e  t r a i n  a c c e l e r a t e s  

a t  f u l l  power. T h e r e f o r e ,  normal warning t i m e s ,  i n  i n s t a n c e s  

w i t h  no a c c e l e r a t i o n ,  w i l l  be  c o n s i d e r a b l y  l o n g e r  t h a n  25 s e c o n d s .  

And i n  t h o s e  i n s t a n c e s  where t h e  t r a i n  d e c e l e r a t e s  o r  even unde r -  

goes s w i t c h i n g  movements, t h e  d e l a y  w i l l  be  even worse .  

7 . 2 . 2  T r a i n / C r o s s i n g  Coope ra t ive  Systems 

Among t h e  most f r e q u e n t l y  s u g g e s t e d  r a d a r  t e c h n i q u e s  a r e  

t h o s e  which i n v o l v e  p l a c i n g  some s o r t  o f  microwave r a d a r  d e v i c e  

on each  locomot ive .  I n  one scheme, t h e  d e v i c e  would code t r a i n  

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

back  t o  t h e  c r o s s i n g .  I n  a n o t h e r ,  t h e  d e v i c e  would be used  t o  

enhance t h e  locomot ives  r e f l e c t i v i t y  and t h e r e b y  i n c r e a s e  t h e  

s i g n a l  s t r e n g t h  o f  t h e  r e t u r n  r a d a r  s i g n a l .  I n  s t i l l  a n o t h e r  

a p p l i c a t i o n ,  t h e  d e v i c e  would be  used  t o  code t h e  r e f l e c t e d  

r a d a r  s i g n a l ,  s o  a s  t o  d i f f e r e n t i a t e  i t  from s i g n a l s  r e f l e c t e d  

back from n e a r - b y  b u i l d i n g s  o r  moving c a r s  and t r u c k s ,  i n  c a s e s  

where a  highway r u n s  p a r a l l e l  t o  t h e  t r a c k s .  The FAA, i n  i t s  

Microwave Landing System r a d a r ,  u s e s  a  s i m i l a r  t e c h n i q u e  and 

r e q u i r e s  a l l  a i r c r a f t  pe r fo rming  major  p a s s e n g e r  s e r v i c e  t o  be 

equipped  w i t h  s u c h  a  d e v i c e .  

I n  a  r a i l r o a d  a p p l i c a t i o n ,  however ,  t h e r e  a r e  s e v e r a l  

i n h e r e n t  ma jo r  d e f e c t s  a s s o c i a t e d  w i t h  such  sys tems and any 

sys tem u s i n g  t h i s  scheme i s  q u i t e  u n d e s i r a b l e .  A l l  locomot ives  

which might  c r o s s  t h e  i n t e r s e c t i o n  i n  q u e s t i o n  must be app ro -  

p r i a t e l y  equ ipped ,  and f o r  most such  s y s t e m s ,  t h e  locomot ive  has  

t o  p recede  a l l  o t h e r  r o l l i n g  s t o c k .  I n  g e n e r a l ,  t h i s  would be 

d i f f i c u l t  t o  e n s u r e ,  p a r t i c u l a r l y  i n  view of  t h e  p r a c t i c e  o f  



locomot ive  i n t e r c h a n g e  among r a i l r o a d s  and t h e  common s i t u a t i o n  of  

c a r s  b e i n g  pushed i n  s w i t c h i n g  moves. F u r t h e r ,  t h e  equipment must 

be i n  o p e r a t i n g  o r d e r ,  which r a i s e s  t h e  q u e s t i o n  of  a  f a i l u r e  d u r i n g  

g e n e r a l  o p e r a t i o n .  One t h e n  has  a l s o  t h e  u n d e s i r a b l e  s i t u a t i o n  

t h a t  d i f f e r e n t  depa r tmen t s  w i t h i n  t h e  same r a i l r o a d  company have 

r e s p o n s i b i l i t y  f o r  t h e  main tenance  o f  d i f f e r e n t  e l emen t s  of  a  

s i n g l e  sys tem.  Th i s  problem i s  even more a c u t e  f o r  i n t e r c h a n g e  

equipment .  F a i l s a f e  o p e r a t i o n  i s  i m p o s s i b l e ,  a s  an  unequipped 

t r a i n  w i l l  be  i n d i s t i n g u i s h a b l e  from a  n o - t r a i n  s i t u a t i o n .  

F i n a l l y ,  a n y t h i n g  approach ing  un i fo rm warning  t imes  w i l l  be  

d i f f i c u l t  t o  o b t a i n  from such  a  sys t em,  a s  w i l l  b e  p r o p e r  a c t i v a -  

t i o n  r e g a r d l e s s  of  t h e  o r i e n t a t i o n  of  t h e  locomot ive  o r  i t s  

p o s i t i o n  i n  t h e  t r a i n .  

Simple f i e l d  t e s t s ,  per formed by TSC, i n d i c a t e  t h a t  locomo- 

t i v e s  and  a l l  major  c l a s s e s  o f  r o l l i n g  s t o c k  do produce  a  s u f -  

f i c i e n t  r e f l e c t i o n  t o  make t h e  u s e  o f  on -boa rd  r a d a r  s i g n a l  e n -  

hancement u n n e c e s s a r y .  Using t h e  o n e - f o o t  a n t e n n a s  shown i n  

S e c t i o n  3 ,  and t h e  100 m i l l i w a t t  Doppler module shown i n  F i g u r e  7 . 1 ,  

i t  was p o s s i b l e  t o  d e t e c t  a l l  locomot ives  and r o l l i n g  s t o c k  a t  r anges  

o f  app rox ima te ly  one m i l e .  The r a d a r  c r o s s  s e c t i o n  o f  v a r i o u s  

r o l l i n g  s t o c k  was measured and found t o  v a r y  between 50 and 1 ,000  

s q u a r e  f e e t .  

7 . 2 . 3  C l u t t e r  

One of  t h e  most s e r i o u s  problems t o  be  overcome and a  f a c t o r  

t h a t  t e n d s  t o  l i m i t  t h e  s cope  of  p o s s i b l e  r a d a r  t e c h n i q u e s  i s  

c l u t t e r .  C l u t t e r  i s  d e f i n e d  a s  t h e  sum o f  a l l  t h e  s p u r i o u s  r a d a r  

s i g n a l s  r e f l e c t e d  back from t h e  g round ,  r a i l s ,  t r e e s ,  v e g e t a t i o n ,  

b u i l d i n g s ,  p o l e s ,  r a i n ,  snow, e t c .  Radar t h e o r y ,  a s  w e l l  a s  TSC 

t e s t s ,  i n d i c a t e  t h a t  f o r  r e a s o n a b l e  RF power l e v e l s  t h e  c l u t t e r  

r e t u r n  w i l l  mask t h e  r e t u r n  from a  t r a i n  more t h a n  100 f e e t  away, 

u n l e s s  t h e  r a d a r  responds  t o  moving t a r g e t s  o n l y .  C l u t t e r  i s  a  

wel l-known r a d a r  problem,  and o f t e n  i s  t h e  f a c t o r  which most 

l i m i t s  t h e  low a l t i t u d e  e f f e c t i v e n e s s  o f  a i r c r a f t - s u r v e i l l a n c e  

r a d a r s .  There a r e  o n l y  two major  t e c h n i q u e s  f o r  cop ing  w i t h  t h i s  

problem.  The f i r s t  i s  t o  code t h e  r e t u r n i n g - r a d a r  s i g n a l  by u s e  
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of  a  microwave t r a n s p o n d e r  mounted on t h e  locomot ive ;  t h i s  has  

been shown t o  b e  u n d e s i r a b l e .  The o t h e r  approach  i s  t o  d e s i g n  

a  r a d a r  which r e sponds  t o  moving t a r g e t s  o n l y .  The l a t t e r  c a s e  

of  r a d a r s  a r e  known as  MTI r a d a r s  (Moving - - T a r g e t  - I n d i c a t i o n )  and 

a lmos t  a lways make u s e  o f  t h e  Doppler  e f f e c t .  

Doppler r a d a r s  work on t h e  p r i n c i p l e  t h a t  when a  wave, such  

a s  a  microwave r a d a r  s i g n a l ,  i s  r e f l e c t e d  o f f  o f  a  moving o b j e c t ,  

t h e  f r e q u e n c y  of t h a t  r e f l e c t e d  wave i s  s h i f t e d  s l i g h t l y .  I f  t h e  

t a r g e t  i s  moving toward t h e  r a d a r ,  t h e  f r equency  r e c e i v e d  i s  i n -  

c r e a s e d ,  and i f  t h e  t a r g e t  i s  moving away from t h e  r a d a r ,  t h e  

f r equency  r e c e i v e d  i s  d e c r e a s e d .  S t a t i o n a r y  t a r g e t s  do n o t  

produce  t h i s  f r equency  s h i f t .  I n  an  MTI  r a d a r ,  t h e  t r a n s m i t t e d  

and r e c e i v e d  s i g n a l  a r e  compared. I f  t h e  t a r g e t  i s  s t a t i o n a r y ,  

t h e  f r e q u e n c i e s  w i l l  c a n c e l  and t h e  o u t p u t  w i l l  be  i g n o r e d .  I f  

t h e  t a r g e t  i s  moving, however ,  t h e  two s i g n a l s  w i l l  n o t  c a n c e l  

and t h e  f r equency  d i f f e r e n c e  between t h e  two s i g n a l s  i s  p r o p o r -  

t i o n a l  t o  t h e  t a r g e t  v e l o c i t y .  A l l  r a d a r  e x p e r i m e n t a t i o n  d e s c r i b e d  

h e r e  was per formed a t  a  microwave f r equency  of 1 0 . 5  GHz, and t h i s  

f r e q u e n c y  r e s u l t s  i n  a  s h i f t  of 30 Hz p e r  mph. Using t h i s  ap -  

p r o a c h ,  t r a i n s  moving a s  s low a s  .3 mph can  be  d e t e c t e d .  Because 

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

t r a i n  d e t e c t i o n  was devo ted  t o  Doppler/MTI r a d a r s .  

While  t h e  u s e  o f  a  Doppler/MTI r a d a r  w i l l  g r e a t l y  minimize 

t h e  c l u t t e r  problem,  i t  w i l l  n o t  t o t a l l y  e l i m i n a t e  i t .  Tree  

b r a n c h e s ,  v e g e t a t i o n ,  r a i n ,  and snow a l l  a r e  a p t  t o  be  blown 

abou t  by t h e  wind and t h e s e  moving o b j e c t s  w i l l  a l l  p roduce  

c l u t t e r .  The e f f e c t  o f . r a i n  and snow, o f t e n  q u i t e  s e v e r e ,  can  

be l e s s e n e d  somewhat by t h e  u s e  o f  a  c i r c u l a r  p o l a r i z i n g  a n t e n n a  

and by u s e  o f  a  lower  r a d a r  c a r r i e r  f r equency .  A t  t h i s  t ime i t  

i s  d i f f i c u l t  t o  e s t i m a t e  j u s t  how t roub le some  t h i s  c l u t t e r  problem 

would be .  I t  may w e l l  p rove  t o  be  an u n s o l v a b l e  problem i n  a  

c a s e  # 2  a p p l i c a t i o n .  However, i n  a  s h o r t e r  r a n g e ,  o r  l e s s  demand- 

i n g  a p p l i c a t i o n ,  such  a s  c a s e s  #1 and # 2 ,  t h e  problem a p p e a r s  t o  

be  s o l v a b l e .  



7 . 2 . 4  M u l t i ~ a t h  E f f e c t s  

M u l t i p a t h  e f f e c t s  p r o b a b l y  a r e  u n l i k e l y  t o  be a  s e r i o u s  

problem.  The p h y s i c a l  s i z e  of r a i l r o a d  r o l l i n g  s t o c k  t e n d s  t o  

d i m i n i s h  t h e  p r o b a b i l i t y  o f  wave c a n c e l l a t i o n .  I t  i s  q u i t e  

d i f f i c u l t ,  and  p r o b a b l y  n o t  w o r t h w h i l e ,  t o  deve lop  a  t h e o r e t i c a l  

model o f  a l l  t h e  p o s s i b l e  r a d a r  m u l t i p a t h  e f f e c t s ,  b u t  f i e l d  t e s t s  

conducted  by TSC i n d i c a t e  t h a t  m u l t i p a t h  e f f e c t s  a r e  n o t  a  

problem.  A t  f o u r  d i f f e r e n t  c r o s s i n g  l o c a t i o n s ,  d i f f e r e n t  t y p e s  

o f  l ocomot ives  and r o l l i n g  s t o c k  were t r a c k e d  from 5,000 t o  100 

f o o t  r anges  and a t  no t ime was a  m u l t i p a t h  n u l l  s h a r p e r  t h a n  6 dB 

d e t e c t e d .  

7 . 2 . 5  F a l s e  T a r g e t s  

The most s e r i o u s  p o t e n t i a l  problem i s  t h a t  o f  f a l s e  t a r g e t s .  

Th i s  i n c l u d e s  f a l s e  t a r g e t s  due t o  p e o p l e  w a l k i n g ,  nearby  c a r s  

o r  t r u c k s ,  m o t o r c y c l e s ,  o r  even snowmobiles on t h e  roadbed .  (The 

p r a c t i c e  of r i d i n g  moto rcyc le s  o r  snowmobiles a d j a c e n t  t o  r a i l r o a d  

t r a c k s ,  w h i l e  unwise ,  i s  c e r t a i n l y  n o t  uncommon.) This  c a t e g o r y  

would a l s o  i n v o l v e  c r o s s i n g s  where highways p a r a l l e l  t h e  t r a c k s .  

In  any o f  t h e s e  c a s e s ,  t h e  r a d a r  may n o t  be a b l e  t o  d i s t i n g u i s h  a  

c a r  o r  snowmobile from a  t r a i n .  For t h i s  c a t e g o r y  o f  f a l s e  t a r g e t s ,  

t h e r e  seems t o  be  no a c c e p t a b l e  s o l u t i o n .  The u s e  o f  a  microwave 

t r a n s p o n d e r  mounted on each  locomot ive  would s o l v e  t h e  problem,  b u t  

a s  d e t a i l e d  i n  S e c t i o n  7 . 2 . 2  t h e  u s e  of such  d e v i c e s  i s  q u i t e  

u n d e s i r a b l e .  Th i s  problem a r e a  does c a s t  some doubt  a s  t o  t h e  

f e a s i b i l i t y  o f  u s i n g  r a d a r  a s  t h e  p r imary  means of d e t e c t i o n  a s  

i n  a  c a s e  # 2  l ong  r ange  a p p l i c a t i o n .  I n  a  c a s e  #1 a p p l i c a t i o n ,  

where t h e  r a d a r  i s  n o t  t h e  pr imary  means o f  d e t e c t i o n ,  t h e  f a l s e  

t a r g e t  problem i s  n o t  c r i t i c a l .  
An a d d i t i o n a l  f a l s e  t a r g e t  problem o c c u r s  when, i n  a  double  

t r a c k  o r  s i n g l e - t r a c k - w i t h - a - s i d i n g  s i t u a t i o n ,  two t r a i n s  a r e  mov- 

i n g ,  b o t h  w i t h i n  t h e  " f i e l d  of  view" of  t h e  r a d a r .  For example, w i t h  

one t r a i n  ("A") 100 f e e t  from t h e  c r o s s i n g  and moving away (and t h u s  

of  no i n t e r e s t  t o  t h e  r a d a r ) ,  a n o t h e r  t r a i n  ("B") may be  approach ing  

t h e  cross in^ from 3,000 f e e t  away. The r a d a r  r e t u r n  from c rain A 

can  be  a s  much a s  90 dB ( a  b i l l i o n  t i m e s )  s t r o n g e r  t h a n  t h e  r e t u r n  



from B .  Thus t h e  r e t u r n  from A w i l l  t e n d  t o  mask o r  a t  l e a s t  i n -  

t e r f e r e  w i t h  t h e  r e t u r n  from B.  The on ly  major t echn ique  f o r  d e a l -  

i n g  w i t h  t h i s  problem i s  t o  d e s i g n  a  r a d a r  t h a t  h a s  t h e  a b i l i t y  

t o  be r a n g e - g a t e d .  That  i s ,  t h e  r a d a r  must be  a b l e  t o  "view" t h e  

e n t i r e  range  a  s m a l l  s e c t i o n  a t  a  t ime .  For example, from 1,500 

t o  1,600 f e e t ,  t h e n  from 1 ,600  t o  1 ,700 f e e t ,  and s o  on. Using 

t h i s  approach,  t h e  echo from t r a i n  A can be  e f f e c t i v e l y  tuned o u t  

and t h e  r a d a r  can  c o n c e n t r a t e  on t h e  f a r t h e r  t r a i n ,  t r a i n  B .  

While t h e  approach would s o l v e  t h i s  l a s t  problem, a  new c o n s t r a i n t  

has  been added t o  an  a l r e a d y  long l i s t :  t h e  r a d a r  must be r ange-  

g a t e d .  

7 .2 .6  Reliability 

With any sys tem t h a t  i s  t o  be used  i n  a  s a f e t y  a p p l i c a t i o n ,  

t h e  s y s t e m ' s  o v e r a l l  r e l i a b i l i t y  - p a r t i c u l a r l y  r e l i a b i l i t y  w i t h  

r e s p e c t  t o  n o n - f a i l s a f e  f a i l u r e  modes - i s  of paramount impor tance .  

There i s  no conce ivab le  r a d a r  d e s i g n  t h a t  i s  i n t r i n s i c a l l y  f a i l -  

s a f e .  A "no t r a i n "  s i t u a t i o n  i s  r e p r e s e n t e d  by t h e  absence of  

i n f o r m a t i o n .  Antenna mis -a l ignment ,  component f a i l u r e s ,  o r  even 

l a r g e  o b s t r u c t i o n s  ove r  t h e  antenna  s u r f a c e  could  a l l  l e a d  t o  non- 

f a i l s a f e  f a i l u r e  modes. 

I n  o r d e r  t o  d e c r e a s e  t h e  p r o b a b i l i t y  o f  non- f a i l s a f e  f a i l u r e  

modes, e x t e n s i v e  use  of  i n t e r n a l  s e l f - c h e c k i n g  p rocedures  i s  

r e q u i r e d .  This  would i n v o l v e  t h e  u s e  of redundant  t r a n s m i t t i n g ,  

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

o u t p u t s  from redundant  s e c t i o n s  of  t h e  r a d a r  would b e  compared 

and on ly  i f  t hey  agreed  would t h e  r a d a r  p r o c e s s i n g  be  used .  I f  

t h e  o u t p u t s  f a i l e d  t o  a g r e e ,  a  m a l f u n c t i o n  s i g n a l  would t h e n  be  

communicated t o  t h e  m o t o r i s t .  

As a  f u r t h e r  check on t h e  e l e c t r o n i c s  and a l s o  a s  a  s p e c i f i c  

s e l f - c h e c k  a g a i n s t  an tenna  mis -a l ignment ,  t h e  use  of  one of  t h e  

c o n f i g u r a t i o n s  of  F igure  7 . 2  seems a p p r o p r i a t e .  This  would r e q u i r e  

t h e  use  of  a  p a s s i v e  r e f l e c t o r  o r  r e f l e c t o r / e n c o d e r  l o c a t e d  down 

t r a c k ,  some 1,000 t o  4,000 f e e t  from t h e  r a d a r .  P a s s i v e  s t r u c t u r e s  

can be des igned  t o  p r o v i d e  v e r y - h i g h  r e f l e c t i v i t y  f o r  a  s p e c i f i c  

f r equency  and d i r e c t i o n ,  h i g h e r  t h a n  w i l l  be found f o r  any o b j e c t  
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o r  s u r f a c e  no rma l ly  l i k e l y  t o  be i n  t h e  v i c i n i t y .  I n  a d d i t i o n ,  

p a s s i v e  microwave s i g n a l  encode r s  have  been  d e s i g n e d  a t  h i g h  

o p e r a t i n g  e f f i c i e n c i e s .  While such  a  r e f l e c t o r  cou ld  be  q u i t e  

i n e x p e n s i v e ,  m a t e r i a l s  and  l a b o r  f o r  t h e  i n s t a l l a t i o n  and 

mounting o f  p o l e s  might  add a s  much a s  $500 t o  $800 t o  t h e  t o t a l  

c o s t  o f  t h e  p r o t e c t i o n .  Of c o u r s e ,  t h e  u s e  of e x i s t i n g  s t r u c t u r e s  

f o r  r e f l e c t o r  mounting would r educe  t h i s  d r a s t i c a l l y ,  and s h o u l d  

o f t e n  b e  p o s s i b l e .  

I n  t h o s e  a p p l i c a t i o n s  where t h e  r a d a r  i s  used  a s  t h e  p r imary  

means o f  d e t e c t i o n ,  e s p e c i a l l y  i n  t h e  long  r ange  a p p l i c a t i o n ,  t h e  

u s e  of a  p a s s i v e  r e f l e c t o r  i s  p r o b a b l y  a  n e c e s s i t y .  I n  a l l  c a s e s  

t h e  u s e  o f  i n t e r n a l  s e l f - c h e c k  c i r c u i t r y  i s  a l s o  mandatory.  I n  

te rms  o f  component o r  p r o p a g a t i o n  f a i l u r e s ,  n o n - f a i l s a f e  f a i l u r e  

modes c o u l d  be a l l  b u t  v i r t u a l l y  e l i m i n a t e d  by t h e  t e c h n i q u e s  

d e s c r i b e d  above.  U n f o r t u n a t e l y ,  however ,  t h e  i n t r o d u c t i o n  of  

m o r e - n e a r l y  f a i l s a f e  d e s i g n ,  i n  a d d i t i o n  t o  i n c r e a s i n g  c o s t s ,  

i n c r e a s e s  t h e  l i k e l i h o o d  t h a t  f a i l u r e s  w i l l  o ccu r  ( a s  by movement 

o f  t h e  r e f l e c t o r  o r  by damage t o  i t ) ,  t h u s  a c t i v a t i n g  t h e  t r a i n  

d e t e c t i o n  s i g n a l s  even  though t h e  t r a i n  d e t e c t i o n  sys t em i s  working 

p e r f e c t l y .  

From r e l i a b i l i t y  d a t a  on sys t ems  o f  s i m i l a r  c o m p l e x i t y ,  i t  

would appea r  t h a t  a  MTBF o f  f i v e  y e a r s  i s  a  r e a s o n a b l e  g o a l  f o r  

f a i l u r e s  which r e s u l t  i n  f a i l s a f e - s y s t e m  f a i l u r e s ,  a s  a  r e s u l t  o f  

o n l y  e i t h e r  component o r  p r o p a g a t i o n  f a i l u r e s .  FlTBF o f  200 y e a r s  

f o r  component f a i l u r e s  r e s u l t i n g  i n  n o n - f a i l s a f e  modes a l s o  seem 

t o  be  a  r e a s o n a b l e  g o a l .  

7 . 3  FIELD TESTS 

A s  p a r t  o f  t h e  r a d a r  i n v e s t i g a t i o n ,  .a l i m i t e d  f i e l d  t e s t  

program was c a r r i e d  o u t .  The pu rpose  was n o t  t o  t e s t  t h e  o v e r a l l  

f e a s i b i l i t y  of  r a d a r  c r o s s i n g  p r o t e c t i o n ,  b u t  r a t h e r  t o  a i d  i n  

u n d e r s t a n d i n g  o f  t h e  problems i n v o l v e d .  Th i s  e f f o r t  i n v o l v e d  two 

s e p a r a t e  p h a s e s .  The f i r s t  phase  c o n s i s t e d  of  a  s e r i e s  o f  day 

t r i p s  where s p e c i f i c  r a d a r  d a t a  ( c l u t t e r  e f f e c t s ,  locomot ive  

r e f l e c t i v i t y ,  m u l t i p a t h  e f f e c t s ,  e t c . )  was t a k e n .  These e f f o r t s  



i n v o l v e d  t a k i n g  l a b o r a t o r y  equipment  t o  c r o s s i n g s  and u s i n g  i t  

t o  e v a l u a t e  v a r i o u s  r a d a r  t e c h n i q u e s  and sys t ems .  Second ly ,  an  

e x p e r i m e n t a l  Doppler r a d a r  was i n s t a l l e d ,  f o r  an ex tended  t ime 

p e r i o d ,  a t  one o f  t h e  t e l e m e t r y  t e s t - s i t e  c r o s s i n g s .  Th i s  r a d a r  

was n o t  d e s i g n e d  t o  b e  a  p r o t o t y p e  f o r  a  c r o s s i n g  p r o t e c t i v e  

s y s t e m ,  b u t  r a t h e r  was d e s i g n e d  a s  a  t o o l  t o  a i d  i n  a s se s smen t  

of  g e n e r a l  f e a s i b i l i t y .  

As an example o f  t h e  equipment u s e d ,  and a l s o  t o  i l l u s t r a t e  

t h e  s t a t e  o f  t h e  a r t  i n  r a d a r  d e v i c e s ,  F i g u r e  7 . 1  showed a  pho to -  

g raph  o f  a  Doppler  r a d a r  module.  The module c o n t a i n s  a l l  t h e  

n e c e s s a r y  microwave components needed f o r  a  Doppler r a d a r ,  w i t h  

t h e  e x c e p t i o n  of  t h e  a n t e n n a .  These u n i t s  s e l l  f o r  $150,  i n  u n i t  

volume, have an  o u t p u t  power o f  100 m i l l i w a t t s ,  and a r e  u sed  

p r i m a r i l y  i n  p o l i c e  - r a d a r  and i n t r u s i o n  a la rm a p p l i c a t i o n s .  Un i t s  

w i t h  h i g h e r  o u t p u t  powers and g r e a t e r  complexi ty  - -  s u i t a b l e  f o r  

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

a r e  a l s o  a v a i l a b l e  a t  h i g h e r  c o s t .  F i g u r e  7 . 3  shows a  photograph  

o f  a  r a d a r  s y s t e m ,  i n c l u d i n g  t h e  Doppler  module,  t h a t  was developed  

f o r  TSC by Rantec Corp. These u n i t s  a r e  q u i t e  f l e x i b l e  and c o n t a i n  

a l l  t h e  n e c e s s a r y  e l e c t r o n i c  c i r c u i t r y  t o  pe r fo rm a  v a r i e t y  of  

d i f f e r e n t  modu la t ion  t e c h n i q u e s .  These u n i t s  were used  b o t h  d u r i n g  

day t r i p  t e s t s  and f o r  o u r  ex t ended  c r o s s i n g  t e s t .  F i g u r e  7 . 4  

shows a  photograph  o f  one o f  t h e  Rantec u n i t s ,  mounted a t  a  c r o s s i n g  

d u r i n g  one o f  o u r  ex t ended  t e s t s .  

As an example o f  t h e  s t a t e  o f  t h e  a r t  i n  l o w - c o s t ,  non-  

m i l i t a r y  r a d a r  s y s t e m s ,  i t  i s  a p p r o p r i a t e  t o  ment ion  two comple te  

r a d a r  sys tems t h a t  were u t i l i z e d  i n  t h i s  i n v e s t i g a t i o n .  The 

f i r s t ,  a  p o l i c e  speed  m o n i t o r i n g  r a d a r ,  was a Doppler/MTI r a d a r .  

The u n i t  was hand- he ld  and d i s p l a y e d  t h e  r e l a t i v e  speed  of ap -  

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

f o r  between $1 ,000  and $2 ,000  ( a  s u b s t a n t i a l  p o r t i o n  of  which i s  

due t o  t h e  packaging  and d i s p l a y )  and make u s e  o f  a  s o l i d  s t a t e  

Doppler module s i m i l a r  t o  t h e  u n i t  shown i n  F i g u r e  7 . 1 .  The p a r -  

t i c u l a r  d e v i c e  t e s t e d  worked w e l l ,  used  c i r c u l a r  p o l a r i z a t i o n ,  

was n o t  a f f e c t e d  by c l u t t e r  of  l igh t -medium r a i n f a l l  and had a  

maximum r a n g e  ( f o r  a  locomot ive  o r  f r e i g h t  c a r )  of  about  1 . 5  m i l e s .  
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The o t h e r  r a d a r  was des igned  p r i m a r i l y  a s  a  n a v i g a t i o n a l  a i d  

f o r  t h e  o p e r a t o r s  o f  s m a l l  b o a t s .  While a t  s e a  t h e  r a d a r  i s  used 

t o  d e t e c t  and s u p p l y  r ange  i n f o r m a t i o n  on b o a t s ,  buoys o r  s h o r e -  

l i n e s  w i t h i n  a  2 m i l e  r a n g e .  Th i s  i n f o r m a t i o n  i s  p r o v i d e d  t o  t h e  

o p e r a t o r  by u s e  o f  a  t o n e  h e a r d  th rough  headphones.  The u n i t  c o s t  

$400 and was n o t  a  Doppler  r a d a r ,  b u t  r a t h e r  was a  t r i a n g u l a r  

waveform f r equency-modu la t ed  r a d a r .  S i n c e  t h e  u n i t  was n o t  a  

MTI r a d a r ,  t h e  c l u t t e r  r e t u r n  was t o o  s t r o n g  and masked r e t u r n s  

f o r  o b j e c t s  more t h a n  100 f e e t  away. (At s e a  t h e r e  a r e  n o t  a s  

many c l u t t e r  c a u s i n g  o b j e c t s  and t h u s  t h i s  problem i s  s i g n i f i c a n t l y  

r educed .  ) 

Most of  t h e  i n f o r m a t i o n  and e x p e r i e n c e  g a i n e d  by t e s t  e f f o r t  

was i n c o r p o r a t e d  i n t o  S e c t i o n  7 . 2  above.  None o f  t h e  s t a n d a r d  

r a d a r  t e c h n i q u e s  examined w i t h  t h e  Rantec u n i t  seemed t o  meet a l l  

t h e  c o n s t r a i n t s ,  e s p e c i a l l y  i f  c o s t s  were c o n s i d e r e d .  

A u n i t  t h a t  d i d  appea r  t o  be  p romis ing  was a  r a d a r  borrowed 

from t h e  U.S. A i r  Fo rce .  During t h e  p a s t  5 t o  10 y e a r s  t h e  

m i l i t a r y  has  devo ted  s u b s t a n t i a l  e f f o r t  t o  deve lop  a  r a d a r  w i t h  

many o f  t h e  same c h a r a c t e r i s t i c s :  low c o s t ,  r uggedness ,  s m a l l  

s i z e ,  imperv iousness  t o  w e a t h e r ,  low power consumption,  MTI, 

c l u t t e r  r e j e c t i o n ,  r a n g e - g a t i n g ,  and h i g h  r e l i a b i l i t y .  I t  may 

be t h a t  t h e  r a d a r  t e c h n i q u e s  deve loped  by t h e  m i l i t a r y  w i l l  be  o f  

b e n e f i t  t o  t h e  g rade  c r o s s i n g  c a s e .  T h e i r  a p p l i c a t i o n  was 

i d e n t i f i c a t i o n  and t r a c k i n g  of  moving t a r g e t s  a t  n i g h t  o r  t h rough  

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

new; t h e  r a d a r s  a r e  known a s  pseudo-random s e r i a l l y  coded CW 

Doppler r a d a r s .  The u n i t  t h a t  we borrowed was an AN/PPS-12, and 

i s  shown i n  F i g u r e  7 . 5 .  The p a r t i c u l a r  r a d a r  borrowed was n o t  

a d a p t a b l e  t o  an  ex tended  f i e l d  t e s t .  However, d u r i n g  t h e  b r i e f e r  

t e s t s ,  i t  appea red  p romis ing .  The r a d a r  i s  r ange  g a t a b l e  and 

r e j e c t e d  by 100 dB t a r g e t s  o u t s i d e  of  t h e  s e l e c t e d  r ange  g a t e .  

Th i s  would be q u i t e  h e l p f u l  i n  e l i m i n a t i n g  f a l s e  t a r g e t s .  The 

r a d a r  i s  a  CW Doppler/MTI r a d a r  and o f f e r s  con t inuous  r a n g e ,  s p e e d ,  

and d i r e c t i o n  o f  t r a v e l  i n f o r m a t i o n .  The r a d a r  was d e s i g n e d  f o r  

b a t t l e f i e l d  u s e  and i s  rugged ,  l i g h t w e i g h t ,  and p h y s i c a l l y  s m a l l .  

The development  c o s t  t o  t h e  A i r  Force  was $12,000 p e r  u n i t ,  b u t  





t h e  m a n u f a c t u r e r  f e e l s  t h a t  i n  q u a n t i t i e s  of  1 ,000  t o  5,000 u n i t s  

p e r  y e a r ,  t h e  c o s t  c o u l d  b e  a s  low a s  $2,000 p e r  u n i t .  This  $2,000 

f i g u r e  i s  f o r  t h e  r a d a r  a l o n e ,  and does  n o t  i n c l u d e  t h e  c o s t  o f  t h e  

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

ma t ion  of  o p e r a t i o n .  

7 . 4  PRELIMINARY CONCLUSIONS 

While t h e  d e s i r a b i l i t y  of  u s i n g  r a d a r  f o r  pu rposes  o f  c r o s s i n g  

p r o t e c t i o n  i s  c l e a r ,  t h e  t e c h n i c a l  f e a s i b i l i t y  remains unproven.  

The r e q u i r e m e n t s  f o r  v e r y  h i g h  r e l i a b i l i t y  and absence  o f  non- 

f a i l s a f e  f a i l u r e  modes a r e  ex t r eme ly  s e v e r e .  The performance of t h e  

m i l i t a r y  r a d a r  o f f e r s  some promise  and i n d i c a t e s  a  p romis ing  d i r -  

e c t i o n  f o r  f u t u r e  work. U n f o r t u n a t e l y ,  however,  even  w i t h  a  mod i f i ed  

AN/PPS-12, t h e  o v e r a l l  sys t em c o n s t r a i n t s  may w e l l  p rove  t o  be  t o o  

s e v e r e  t o  p e r m i t  any v i a b l e  s o l u t i o n ,  e s p e c i a l l y  i n  a  c a s e  # 2  o r  # 3  

a p p l i c a t i o n ,  where t h e  r a d a r  i s  t o  b e  used  a s  t h e  p r imary  means of 

d e t e c t i o n .  





8 .1  MICROWAVE COMMUNICATION LINK 

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

t h e  b a s i c  t e c h n i c a l  f e a s i b i l i t y  of t h e  concep t  p roposed .  A s  i s  t h e  

c a s e  f o r  c o n v e n t i o n a l  t e c h n i q u e s ,  c e r t a i n  s i t u a t i o n s  ( such  a s  s h a r p  

c u r v a t u r e  o f  r i g h t  of  way, o r  t r a c k s i d e  o b s t r u c t i o n s )  w i l l  r e q u i r e  

s p e c i a l  t r e a t m e n t ,  w i t h  added complex i ty  and expense .  Other  c a s e s ;  

e . g . ,  m u l t i p l e  t r a c k ,  a r e  r e a d i l y  and e f f i c i e n t l y  accommodated. 

Cons tan t  warning t ime  i s  e a s i l y  ach ieved  when t r a i n  a c c e l e r a t i o n  

i s  z e r o ;  s t o p p i n g  and r e v e r s i n g  moves w i l l  l e a d  t o  some unnecessa ry  

a c t i v a t i o n .  I n s t a l l a t i o n  and  main tenance  a t  t h e  downtrack l o c a -  

t i o n  can  be reduced  t o  a  low l e v e l ,  a l t h o u g h  n o t  e l i m i n a t e d .  Sys-  

tem m a l f u n c t i o n  can  g e n e r a l l y  be d i s t i n g u i s h e d  from t r a i n  p r e s e n c e ,  

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

The e l e c t r o n i c  c o m p l e x i t y ,  and hence  t h e  b a s i c  expense  and r e l i a -  

b i l i t y  of  t h e  equipment ,  a r e  comparable  t o  t h o s e  f o r  c o n v e n t i o n a l  

sys tems.  

E s t i m a t e d  c o s t s  i n  1972 d o l l a r s  a r e  shown i n  Tab le  8 . 1  f o r  

equipment r e q u i r e d  t o  p r o v i d e  t r a i n - a c t i v a t e d  m o t o r i s t  warn ings  a t  

a  s i n g l e - t r a c k  g r a d e  c r o s s i n g  u t i l i z i n g  o n l y  f l a s h i n g  l i g h t s ,  f o r  

b o t h  c o n v e n t i o n a l  AFO t r a c k  c i r c u i t s  and a  communica t ion- l ink  

approach .  Although such  numbers can  v a r y  c o n s i d e r a b l y  from c r o s s -  

i n g  t o  c r o s s i n g ,  t h e s e  v a l u e s  a r e  c o n s i d e r e d  t o  be  r e p r e s e n t a t i v e ,  

w i t h i n  t h e  s u b s t a n t i a l  u n c e r t a i n t y  i n h e r e n t  i n  p r e d i c t i n g  t h e  c o s t  

of a  f u l l y  d e v e l o p e d  communica t ion - l ink  sys tem.  Tab le  8 .2  c a r r i e s  

t h e  comparison f u r t h e r  by i n c l u d i n g  t h e  remain ing  c o s t  e l e m e n t s .  

The major  d i f f e r e n c e  i n  a d d i t i o n  t o  hardware  i s  i n s t a l l a t i o n  l a b o r  

because  of t h e  l i m i t e d  t r a c k - r e l a t e d  work r e q u i r e d  f o r  t h e  com- 

m u n i c a t i o n  l i n k .  A t o t a l  r e d u c t i o n  of  16  p e r c e n t  i s  p r e d i c t e d  f o r  

t h e  new system. Changes i n  main tenance  expense  a r e  d i f f i c u l t  t o  

p r o j e c t  b u t  reduced  conce rn  f o r  c a b l e s  and e l e c t r i c a l  i n t e g r i t y  

of  t h e  t r a c k s  and reduced  b a t t e r y / p o w e r  s u p p l y  conce rns  a t  t h e  



TABLE 8 . 1  DETAILED EQUIPMENT COSTS 

Track C i r c u i t  Communication Link 
I tem ( d o l l a r s )  ( d o l l a r s )  

l a s h i n g  l i g h t s ,  p o l e s ,  e t c .  
l a s h e r ,  l o g i c ,  e t c  
ousing 
able  
a t t e r i e s  
e c t i f i e r s  

F r e c e i v e r s  
o i n t s ,  a r r e s t o r s ,  e tC .  
ommunication R e c e i v e r s  
ntennas 
e t e c t o r  
o l a r  Pane l  

u b t o t a l  ( C r o s s i n g- l o c a t e d )  

F T r a n s m i t t e r s  
e c t i f i e r s  

o i n t s ,  a r r e s t o r s ,  e t c .  
a t t e r i e s  
ousings 
ommunication T r a n s m i t t e r s  
ntennas 
e t e c t o r s  
o l a r  P a n e l s  

u b t o t a l  (Downtrack) 

o t a l  Hardware 

I  tem 

TABLE 8 .2  OVERALL COST COMPARISON 

Track  C i r c u i t  Communication Link 
'(dolEiiq-- ( d o l l a r s )  

Hardware 5720 4870 

Labor 5600 4480 

Design 1400 1120 

Misc. 

T o t a l  14,120 11,870 

F
F
H
C
B
R
A
J
C
A
D
S

S

A
R
J
B
H
C
A
D
S

S

T



downtrack l o c a t i o n  s u g g e s t  t h e  p o s s i b i l i t y  of a  r e d u c t i o n  of  

a p p r o x i m a t e l y  20  t o  30 p e r c e n t .  For m u l t i p l e - t r a c k  i n s t a l l a t i o n s ,  

t h e  m u l t i p l e x  c a p a b i l i t y  of  t h e  communication l i n k  i s  l i k e l y  t o  

p r o v i d e  s i g n i f i c a n t l y  g r e a t e r  s a v i n g s ;  t r a c k  c i r c u i t s  must be  

d u p l i c a t e d  (and ma in ta ined )  f o r  each  t r a c k .  

Two major  r e s t r i c t i o n s  must be p l a c e d  on t h e s e  e s t i m a t e s .  

F i r s t ,  t h e  t endency  f o r  new sys t ems  t o  e s c a l a t e  d r a m a t i c a l l y  i n  

c o s t  d u r i n g  development  i s  w e l l  known. Unforeseen o r  a p p a r e n t l y  

t r i v i a l  d i f f i c u l t i e s  can  be expens ive  t o  c o r r e c t .  Thus ,  a  margin 

i n d i c a t e d  cou ld  be d r a m a t i c a l l y  reduced  i n  t h e  c o u r s e  of p r o d u c t  

e n g i n e e r i n g .  Second,  o t h e r  t r a c k  c i r c u i t  t echno logy  may o f f e r  

e q u i v a l e n t  b e n e f i t s  w i t h  l e s s  r i s k  and u n c e r t a i n t y .  Use of 

s t a n d a l o n e  impedance-based mot ion - sens ing  equipment ,  now i n  s e r -  

v i c e  on some r a i l r o a d s ,  o f f e r s  e l i m i n a t i o n  of a c t i v e  downtrack 

components and g r e a t l y  r e d u c e s  c r o s s i n g - l o c a t e d  l o g i c  hardware .  

I f  c o n c e r n s  ove r  p o s s i b l e  f a i l u r e  modes and l i a b i l i t y  can  be 

r e s o l v e d ,  t h i s  approach  i s  l i k e l y  t o  have c o s t s  h i g h l y  c o m p e t i t i v e  

w i t h  e s t i m a t e s  of communica t ion - l ink  sys t ems .  Thus a t  b e s t ,  t h e  

new approach  d e s c r i b e d  h e r e  o f f e r s  v e r y  l i m i t e d  improvement i n  

c o s t  and warning-sys tem c r e d i b i l i t y  when compared t o  r e c e n t  

deve lopments  i n  c o n v e n t i o n a l  t echno logy .  

However, t h e  most i m p o r t a n t  c h a r a c t e r i s t i c  of t h e  concep t  i s  

independence  of t h e  r a i l r o a d  s i g n a l  system. Indeed ,  t h e  l a c k  of 

c o m p a t i b i l i t y  w i t h  c u r r e n t  p r a c t i c e s  would be l i k e l y  t o  make r a i l -  

r o a d s  r e l u c t a n t  t o  a d o p t  such  a  sys t em,  even i f  c o m p l e t e l y  proven .  

Thus,  t h e  equipment marke t  would be s m a l l ,  w i t h  concomi tan t  h i g h  

c o s t s ,  u n l e s s  p u b l i c  b o d i e s  were t o  choose  t o  a c c e p t  f u l l  r e s p o n -  

s i b i l i t y  f o r  a l l  a s p e c t s  of c r o s s i n g  p r o t e c t i o n ,  p roduc ing  a  s u b -  

s t a n t i a l  marke t .  The l i k e l i h o o d  of such a  major  r e s t r u c t u r i n g  of 

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

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

c e i v i n g  i n c r e a s i n g  a t t e n t i o n .  A t  t h i s  p o i n t ,  however,  one can  

o n l y  n o t e  t h a t  t h e  communication l i n k  p r o v i d e s  f o r  p o t e n t i a l  

e l i m i n a t i o n  of t h e  p r e s e n t  r i g i d  t e c h n i c a l  o b s t a c l e s  t o  a  change 

of t h i s  n a t u r e .  I n  e s s e n c e  t h e n  t h e  i n n o v a t i v e  conep t  r e p o r t e d  



h e r e  i s  p r i m a r i l y  of impor tance  i n  t h e  c o n t e x t  of p u b l i c  r e -  

s p o n s i b i l i t y ,  a  c o n t e x t  s u f f i c i e n t l y  complex t h a t  t h e  v a l u e  of 

t h i s  new t e c h n i q u e  i s  a t  p r e s e n t  u n c e r t a i n .  

8 . 2  RADAR TRAIN DETECT1 ON 

As t h e  fundamental  means of  warning a c t u a t i o n ,  r a d a r  h a s  been 

found t o  r a i s e  a  number of ve ry  c h a l l e n g i n g  q u e s t i o n s  of t e c h n i c a l  

f e a s i b i l i t y .  Meet ing t h e  c o n f l i c t i n g  r e q u i r e m e n t s  of v e r y  low 

f a l s e - a l a r m  r a t e  and z e r o  t r a i n - d e t e c t i o n  f a i l u r e s ,  w i t h i n  t h e  

b a s i c  c o n s t r a i n t s  of h i g h  r e l i a b i l i t y ,  f a i l - s a f e  o p e r a t i o n ,  i n -  

f r e q u e n t  o p e r a t i o n ,  i n f r e q u e n t  and low-cos t  ma in t enance ,  and i n -  

s e n s i t i v i t y  t o  a  n o t o r i o u s l y  h a r s h  env i ronmen t ,  may be p o s s i b l e ;  

b u t  t h e  c o s t  i s  l i k e l y  t o  be f a r  beyond t h a t  which i s  a c c e p t a b l e .  

Radar may o f f e r  c o n s i d e r a b l y  g r e a t e r  promise  when used  mere ly  t o  

p r o v i d e  c o n s t a n t  warning t i m e ,  t h e  b a s i c  t r a i n  d e t e c t i o n  b e i n g  

accompl ished  i n d e p e n d e n t l y .  The n e c e s s a r y  i n f o r m a t i o n  can  be 

d e r i v e d  f a r  more d i r e c t l y  from a  r a d a r  echo t h a n  w i t h  an impedance- 

based  t r a c k  c i r c u i t .  However, i t  i s  n o t  c l e a r  t h a t  t h i s  appa ren t  

s i m p l i c i t y  w i l l ,  i n  f a c t ,  l e a d  t o  lower  c o s t ;  much of t h e  expense  

a s s o c i a t e d  w i t h  t r a c k - c i r c u i t  hardware  i s  r e q u i r e d  by demands of 

r e l i a b i l i t y  and h a r d e n i n g  a g a i n s t  envi ronment ,  and r a d a r  would be 

s u b j e c t  t o  t h e  same c o n s t r a i n t s .  

8 . 3  DIRECTIONS FOR FURTHER RESEARCH 

The major  l i m i t a t i o n  of e x i s t i n g  t echno logy  l i e s  i n  t h e  

t r a i n - d e t e c t i o n  p o r t i o n  of t h e  sys tem.  Although s e v e r a l  app roaches  

cou ld  y i e l d  a  p r a c t i c a l  sys tem,  none a r e  t r u l y  s a t i s f a c t o r y .  

Rai l -mounted and b u r i e d  d e t e c t o r s  a r e  v u l n e r a b l e  t o  damage d u r i n g  

t r a c k  ma in t enance ,  d r a g g i n g  equipment ,  e t c . ,  and l i m i t  t h e  d e c r e e  

of independence .  Beam-breaking and r a d a r  app roaches  appea r  t o  be 

r e l a t i v e l y  e x p e n s i v e  and of l i m i t e d  r e l i a b i l i t y  ( a s  measured by t h e  

normal  s t a n d a r d s  of r a i l  s a f e t y  and o p e r a t i o n s ) .  The many ways 

i n  which an o b j e c t  such a s  a  l ocomot ive  might  be d e t e c t e d  s u g g e s t  

t h a t  v a l u a b l e  r e s e a r c h  cou ld  be c a r r i e d  o u t  i n  t h i s  a r e a .  



Beyond t h i s ,  advanced development  and l a r g e - s c a l e  t e s t  o f  

t h e  e n t i r e  sys tem must p r e c e d e  any p o s s i b i l i t y  of  a d o p t i o n  e i t h e r  

by r a i l r o a d s  o r  p u b l i c  b o d i e s .  I f  t h e  m e r i t s  of a  p e r f e c t e d  

sys tem w a r r a n t  a  deve lopmen ta l  e f f o r t  of t h i s  scope  canno t  be d e -  

t e rmined  a t  t h e  p r e s e n t  t i m e .  However, s e l e c t i o n  of  a  p r e f e r r e d  

means o f  t r a i n  d e t e c t i o n  and development and t e s t  o f  s e v e r a l  

s e c o n d - g e n e r a t i o n  sys tems w i l l  b e  n e c e s s a r y  t o  p r o v i d e  c o s t  and 

r e l i a b i l i t y  e s t i m a t e s  a d e q u a t e  f o r  r e a l i s t i c  b e n e f i t / c o s t  com- 

p a r i s o n s .  

The r e l a t i v e l y  unpromis ing  r e s u l t s  o f  t h e  r a d a r  i n v e s t i g a -  

t i o n  s u g g e s t  t h a t  t h i s  a r e a  does n o t ,  a t  p r e s e n t ,  w a r r a n t  s u b -  

s t a n t i a l  i n v e s t m e n t .  However, u s e  o f  r a d a r  a s  a  c o n s t a n t - w a r n i n g -  

t ime subsys t em,  p o s s i b l y  i n  p a r a l l e l  w i t h  c o n v e n t i o n a l  t r a c k -  

c i r c u i t  a c t u a t i o n ,  a p p e a r s  t o  be p o s s i b l e ,  i f  v e r y  d i f f i c u l t .  

Con t inu ing  advances i n  microwave and e l e c t r o n i c  t echno logy  may 

a l s o ,  a t  some p o i n t ,  b r i n g  r a d a r  t r a i n  d e t e c t i o n  i n t o  t h e  r ea lm 

o f  economic a s  w e l l  a s  t e c h n i c a l  f e a s i b i l i t y .  Thus, t h i s  a r e a  

s h o u l d  n o t  be f o r e c l o s e d .  
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APPENDIX 

DETAILED DESCRIPTION OF EXPERIMENTAL SYSTEMS 

A . l  RANTEC TELEMETRY SYSTEM 

A . l . l  I n t r o d u c t i o n  

The Rantec  t e l e m e t r y  sys t em i s  based  upon low power MSI/MOS 

i n t e g r a t e d  c i r c u i t r y  - -  b o t h  l i n e a r  and d i g i t a l .  I t  i s  a  one-  

f r e q u e n c y  s y s t e m ,  w i t h  t h e  modu la t ion  mode b e i n g  used  t o  c a r r y  

i n f o r m a t i o n .  The sys tem i s  b a s i c a l l y  d i g i t a l ,  b u t  l i n e a r  c i r -  

c u i t r y  i s  u sed  f o r  a m p l i f i c a t i o n ,  f i l t e r i n g ,  and a u t o m a t i c  g a i n  

c o n t r o l .  System s p e c i f i c a t i o n s  a r e  summarized i n  Table  A - 1 .  

A l l  c i r c u i t r y ,  e x c e p t  t h e  Gunn o s c i l l a t o r ,  i s  powered by an 

u n r e g u l a t e d  +5  o r  - 5  v o l t  s o u r c e ,  t h e  o u t p u t  o f  which v a r i e s  w i t h  

t h e  v o l t a g e  o f  t h e  e x t e r n a l  b a t t e r y .  ( A l l  t h e  i n t e g r a t e d  c i r -  

c u i t r y  i s  s p e c i f i e d  by t h e  m a n u f a c t u r e r s  t o  be  a b l e  t o  w i t h s t a n d  

t h e  k i n d  o f  v o l t a g e  f l u c t u a t i o n s  a n t i c i p a t e d . )  I t  s h o u l d  be  

n o t e d  t h a t  i n  a  d i g i t a l  sys t em power c o n d i t i o n i n g  i s  n o t  a s  i m -  

p o r t a n t  a s  i t  i s  i n  l i n e a r  c i r c u i t r y .  

The i n a u t s  t o  b o t h  t h e  t r a n s m i t t e r  and t h e  r e c e i v e r  a r e  n o t  

f a i l s a f e .  A t r a i n  i s  r e p r e s e n t e d  by a  5  v o l t  s i g n a l  l e v e l  on t h e  

i n p u t  t e r m i n a l s ,  w h i l e  a  n o - t r a i n - p r e s e n t  c o n d i t i o n  i s  deno ted  

by a  0  v o l t  s i g n a l  l e v e l .  The o u t p u t s ,  however ,  a r e  f a i l s a f e .  

A . 1 . 2  T r a n s m i t t e r  

F i g u r e  A - 1  i s  a  b l o c k  d iagram o f  t h e  t r a n s m i t t e r ;  t h e  a c t u a l  

c i r c u i t r y  may be  s e e n  i n  F i g u r e  A - 2 .  

The Rantec t r a n s m i t t e r  u s e s  two power c o n d i t i o n i n g  c i r c u i t s .  

A t  t h e  i n p u t ,  t h e  e x t e r n a l  b a t t e r y  d r i v e s  a  400 kHz o s c i l l a t o r .  

The o s c i l l a t o r  o u t a u t  i s  t h e  m a s t e r  c l o c k  f o r  t h e  t r a n s m i t t e r  

c i r c u i t r y  and a l s o  s e r v e s  a s  t h e  d r i v e r  f o r  a  c o u n t e r / d i v i d e r  IC. 

The c o u n t e r ,  t h rough  a f l i p - f l o p ,  p u t s  o u t  a  20 kHz s q u a r e  wave 

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

The f i l t e r  c i r c u i t  p roduces  u n r e g u l a t e d  o u t p u t s  o f  +5 v o l t s  d c ,  

+5 v o l t s  d c ,  - 5  v o l t s  d c ,  and + 2 2  v o l t s  d c .  The u n r e g u l a t e d  5 - v o l t  

o u t p u t s  d r i v e  a l l  t h e  c i r c u i t r y  w h i l e  t h e  u n r e g u l a t e d  2 2  v o l t s  



TABLE A-1. SYSTEM SPECIFICATIONS-RANTEC 

Requested 
Design Goal 

Proposed 
Design Goal 

Engineering 
Model 

Transmitter Unit 

Power consumption <I50 mw 48.5 mw 100 mw 
X-band power output 100 mw 50 mw 150-250 mw 
Maximum VSWR 6 : 1 6:l >6:1 
Frequency stability +25 MHz - +25 MHz - +30 MHz - 

Receiver Unit : 

Power consumption 
Average current 

drain 
Maximum VSWR 
Signal-Noise Ratio 

General : 

Size 3 <0.3 ft 0.04 ft5 <0.04 ft3 
Weight (10 lbs 2 lbs 2.5 lbs Tx 

5.8 lbs Rx 
MTBF (false alarm) 20,000 hrs 28,785 hrs 21,906 hrs 
MTBS (missed de- 100,000 hrs 107,296hrs 155,279 hrs 

tection) 







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

c i r c u i t  i s  an  AGC a m p l i f i e r  I C ,  t h e  c u r r e n t  o u t p u t  o f  which i s  h e l d  

c o n s t a n t  by a  feedback  l o o p .  The c o n s t a n t - c u r r e n t  o u t p u t  o f  t h i s  

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

power t r a n s i s t o r  which d r i v e s  t h e  Gunn o s c i l l a t o r  w i t h  a  r e g u l a t e d  

+16.0 v o l t s .  One o f  t h e  t r a n s i s t o r s  i n  t h e  s e r i e s  s e r v e s  a s  an 

o n - o f f  g a t e  f o r  t h e  r e g u l a t o r  c i r c u i t ;  t h e  d i o d e  i s  modulated by 

u s e  of t h i s  g a t e .  

The h e a r t  o f  t h e  t r a n s m i t t e r  l o g i c  c i r c u i t r y  i s  two c o u n t e r /  

d i v i d e r - i n t e g r a t e d  c i r c u i t s  w i r e d  i n  s e r i e s  and d r i v e n  by t h e  

400-kHz c l o c k .  With t h i s  a r rangement  p e r i o d s  of  o s c i l l a t i o n  from 

5  microseconds  t o  0 . 3  s e c o n d s ,  i n  5-microsecond i n c r e m e n t s ,  a r e  

a v a i l a b l e .  Every 0 . 3  s econds  t h e  c o u n t e r  p u t s  o u t  a  5-microsecond 

p u l s e ,  which s e t s  two l a t c h e s .  The f i r s t  l a t c h  i s  r e s e t  a f t e r  

20 mic roseconds ,  and i s  on f o r  t h e  pu rpose  of a p p l y i n g  a  20-micro-  

second h e a t i n g  p r e - p u l s e  t o  t h e  Gunn o s c i l l a t o r .  The second l a t c h  

t h e n  becomes o p e r a t i v e  a f t e r  t h e  f i r s t  l a t c h  i s  r e s e t .  When t h i s  

second l a t c h  i s  i n  t h e  s e t  p o s i t i o n ,  t h e  modu la t ing  waveform i s  

a l lowed  t o  p a s s  t o  t h e  modu la t ion  g a t e  of  t h e  r e g u l a t o r / d r i v e r  

c i r c u i t .  The modu la t ing  waveform i s  e i t h e r  a 100-kHz o r  200-kHz 

s q u a r e  wave; e i t h e r  waveform i s  a v a i l a b l e  a t  t h e  c o u n t e r  o u t p u t .  

The waveform t h a t  i s  t o  be  used  i s  s e l e c t e d  by g round ing  one of  

two l e a d s  a t  t h e  o u t p u t  c o n n e c t o r .  The second ,  o r  b u r s t w i d t h ,  

l a t c h  i s  r e s e t  a t  e i t h e r  i n t e r v a l s  o f  120 microseconds  f o r  a  

" c l e a r "  c o n d i t i o n ,  o r  260 microseconds  f o r  a  " t r a i n  p r e s e n t "  

c o n d i t i o n ,  a s  de t e rmined  by t h e  t r a i n  s e n s o r  c i r c u i t .  

The t r a i n - s e n s o r  c i r c u i t  i s  n o t  o p e r a t e d  i n  a  f a i l s a f e  mode, 

i n  t h e  s e n s e  t h a t  a  t r a i n  i s  r e p r e s e n t e d  by a  - 5 - v o l t  s i g n a l  l e v e l  

and  a  n o - t r a i n  c o n d i t i o n  i s  r e p r e s e n t e d  by a  0 - v o l t  s i g n a l  l e v e l  

a p p l i e d  a t  t h e  t r a i n - s e n s o r  i n p u t  t e r m i n a l s .  These t e r m i n a l s  a r e  

connec ted  t o  an  o p e r a t i o n a l  a m p l i f i e r ,  which i n  t u r n  d r i v e s  a  f i l -  

t e r  c i r c u i t .  (The pu rpose  of t h e  f i l t e r  c i r c u i t  i s  t o  p r o v i d e  i m -  
munity from p u l s e s  o f  1 0 - m i l l i s e c o n d  d u r a t i o n  o r  l e s s . )  Surge  

p r o t e c t i o n  i s  p r o v i d e d  w i t h  a  Zener d i o d e .  I f  a  + 5 - v o l t  p u l s e  of  

d u r a t i o n  l o n g e r  t h a n  10 m i l l i s e c o n d s  e n t e r s  t h e  t r a i n - s e n s o r  

i n p u t ,  a  l a t c h  i s  s e t .  The l a t c h  i n  t h e  s e t  p o s i t i o n  c a u s e s  t h e  



b u r s t w i d t h  l a t c h  t o  be  r e s e t  i n  260, i n s t e a d  o f  120 ,mic roseconds .  

The t r a i n - s e n s o r  l a t c h  i s  t h e n  r e s e t  t h r e e  seconds  a f t e r  t h e  i n p u t  

s i g n a l  l e v e l  r e t u r n s  t o  ground by u s e  o f  s t i l l  a n o t h e r  c o u n t e r .  

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

b u r s t w i d t h  e q u a l  t o  120 mic roseconds .  

A.  1 . 3  Rece ive r  

F i g u r e  A-3 i s  a  b l o c k  d iagram o f  t h e  r e c e i v e r  c i r c u i t ,  w i t h  

a  p r o t o t y p e  u n i t  shown i n  F i g u r e  A-4. 

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

v o l t a g e  s u p p l y  a s  t h e  t r a n s m i t t e r ,  w i t h  u n r e g u l a t e d  o u t p u t s  of  +5  

v o l t s  D C ,  and - 5  v o l t s  D C .  The e x t e r n a l  b a t t e r y  d r i v e s  a  40 kHz 

o s c i l l a t o r  which s e r v e s  a s  t h e  m a s t e r  c l o c k  f o r  t h e  r e c e i v e r  

l o g i c , a n d  th rough  a  f l i p - f l o p ,  d r i v e s  t h e  t r a n s f o r m e r ,  r e c t i f i e r ,  

and f i l t e r  c i r c u i t .  

A f t e r  t h e  microwave s i g n a l  i s  d e t e c t e d  w i t h  a  S c h o t t k y  b a r -  

r i e r  d i o d e ,  i t  e n t e r s  a  t h r e e - s t a g e  band- ass a m p l i f i e r .  Each 

s t a g e  o f  a m p l i f i c a t i o n  i s  a  band-pass ,  T s c h e b y s c h e f f ,  o n e - p o l e ,  

LC-type f i l t e r  w i t h  a u t o m a t i c - g a i n  c o n t r o l .  Each s t a g e  c o n t a i n s  

one i n t e g r a t e d  c i r c u i t  and two t r a n s i s t o r s  f o r  b u f f e r i n g .  Rantec 

s p e c i f i e s  t h e  t h r e e - s t a g e  a m p l i f i e r  t o  have an AGC r ange  o f  30 dB, 

c o r r e s p o n d i n g  t o  an RF- input  s i g n a l  l e v e l  of -50 dBm t o  -20  dBm. 

The c e n t e r  f r e q u e n c y  o f  each  of  t h e  t h r e e  band-pass  f i l t e r s  i s  

d i f f e r e n t  - -  95 kHz, 100 kHz, and 105 kHz f o r  100-kHz o p e r a t i o n ,  

and 195 kHz, 200 kHz, and 205 kHz f o r  200-kHz o p e r a t i o n .  The 

c e n t e r  f r equency  of  each  s t a g e  can  be e l e c t r o n i c a l l y  s w i t c h e d  

from one mode t o  t h e  o t h e r  by c o n n e c t i n g  a  l e a d  on t h e  o u t p u t  

c o n n e c t o r  t o  e i t h e r  t h e  + 5 - v o l t  dc  o r  t o  t h e  - 5 - v o l t  dc  o u t p u t  

p i n .  The bandwidth f o r  a l l  t h r e e  s t a g e s  i s  10 kHz, which c o r -  

r e sponds  t o  t h e  r e c i p r o c a l  o f  t h e  s h o r t e s t  p o s s i b l e  b u r s t w i d t h  - -  

100 mic roseconds .  With t h i s  f i l t e r  t h e r e  e x i s t s  18  dB o f  channe l  

r e j e c t i o n  f o r  a  100 kHz s i g n a l  i n  t h e  p r e s e n c e  of  a  200-kHz mode. 

A t  t h i s  p o i n t , t h e  b u r s t  o f  ~ u l s e s  of  no rma l i zed  ampl i tude  

p a s s e s  t h rough  a  second d e t e c t o r .  The second d e t e c t o r  i s  a  s i n g l e  

IC which p u t s  o u t  a  p u l s e  w i t h  w i d t h  e q u a l  t o  t h e  b u r s t w i d t h  of  

t h e  i n p u t  waveform. 







Thi s  p u l s e  i s  a p p l i e d  t o  two d i f f e r e n t  p o i n t s .  The p u l s e  

i s  p e a k - d e t e c t e d  and  t h e  r e s u l t i n g  dc  waveform i s  s e n t  back ,  

t h rough  some b u f f e r i n g ,  t o  t h e  AGC i n p u t  of  t h e  band-pass  v i d e o  

a m p l i f i e r .  I t  i s  a l s o  s e n t  t o  a  compara tor  where i t  i s  t e s t e d  

f o r  a m p l i t u d e ,  r e s h a p e d ,  and p r o c e s s e d .  

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

s h i f t  r e g i s t e r s  w i r e d  i n  s e r i e s  and d r i v e n  by t h e  40 kHz c l o c k .  

With t h i s  a r r angemen t , t ime  d e l a y s  from 25 microseconds  t o  0 .5  

seconds  a r e  a v a i l a b l e ,  i n  25 microsecond jumps. The long  p u l s e  

i s  now t e s t e d .  The r e c e i v e r  e x p e c t s  t o  s e e  one p u l s e  eve ry  0 . 3  

s e c o n d s ,  t h e  p u l s e  b e i n g  e i t h e r  100 o r  250 microseconds .  Both 

t h e  o n - a n d - o f f  t imes  o f  t h e  p u l s e  a r e  t e s t e d  f o r  con fo rmi ty .  

S i x  t e s t s  a r e  per formed i n  p a r a l l e l  o p e r a t i o n .  I f  f o u r  con- 

s e c u t i v e  p u l s e s  of  w id th  g r e a t e r  t h a n  150 mic roseconds ,  o r  one 

p u l s e  o f  w i d t h  g r e a t e r  t h a n  600 mic roseconds ,  i s  r e c e i v e d ,  t h e  

c r o s s i n g  p r o t e c t i o n  a c t i v a t i o n  o u t p u t  i s  d r i v e n  from + 1 2  v o l t s  DC 

t o  0  v o l t s .  Both t h e  m a l f u n c t i o n  and a c t i v a t i o n  o u t p u t s  a r e  

o p e r a t e d  i n  a  f a i l s a f e  mode i n  t h e  s e n s e  t h a t  t h e  - 1 2 - v o l t  l e v e l  

r e p r e s e n t s  t h e  " n o n - f a i l u r e "  and " n o - t r a i n "  c o n d i t i o n s ,  r e s p e c -  

t i v e l y .  A l e v e l  o f  0  v o l t s  d e n o t e s  t h e  sys tem f a i l u r e ,  o r  t r a i n -  

p r e s e n c e  c o n d i t i o n s ,  r e s p e c t i v e l y .  N e i t h e r  of t h e  above s i t u a -  

t i o n s ,  n o t  even t h e  600-microsecond b u r s t ,  i s  r ega rded  a s  a  sys tem 

f a i l u r e  by t h e  r e c e i v e r .  The s y s t e m - f a i l u r e  o u t p u t  remains  a t  - 1 2  

v o l t s  D C ,  w h i l e  t h e  a c t i v a t i o n  o u t p u t  w i l l  be  h e l d  a t  0  v o l t s .  

The a c t i v a t i o n  o u t p u t  remains  grounded u n t i l  t h e  r e c e i v e r  i s  r e s e t  

by a  p u l s e  a c r o s s  t h e  t r a i n - s e n s o r  i n p u t  t e r m i n a l s .  The r e c e i v e r  

a l s o  t e s t s  f o r  f o u r  p o s s i b l e  f a i l u r e  c o n d i t i o n s :  a  p u l s e w i d t h  

l e s s  t h a n  50 mic roseconds ,  a  p u l s e w i d t h  g r e a t e r  t h a n  3 7 5  mic ro -  

s e c o n d s ,  a  p u l s e - o f f  t ime  l e s s  t h a n  0 . 2  second,  o r  a  p u l s e - o f f  

t ime  g r e a t e r  t h a n  0 .4  second.  I f  f o u r  c o n s e c u t i v e  f a i l u r e s  a r e  

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

+ 1 2  v o l t s  DC t o  0  v o l t  whenever t h e  m a l f u n c t i o n  o u t p u t  i s  low. 

However i n  t h i s  mode,one conforming p u l s e  w i l l  r e s e t  b o t h  t h e  s y s -  

tem f a i l u r e  l a t c h  and t h e  g a t e  a c t i v a t i o n  l a t c h ,  and b o t h  o u t p u t s  

would r e t u r n  t o  + 1 2  v o l t s  D C .  

.t 
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A s  f o r  t h e  t r a n s m i t t e r  i n p u t ,  t h e  r e c e i v e r  i n p u t  i s  n o t  

o p e r a t e d  i n  a  f a i l s a f e  mode. A t r a i n  p r e s e n t  c o n d i t i o n  i s  

r e p r e s e n t e d  by a  - 5 - v o l t  l e v e l  on t h e  i n ~ u t  t e r m i n a l s .  The t r a i n -  

s e n s o r  i n p u t  t e r m i n a l s  a r e  connec ted  t o  an  o p e r a t i o n a l  a m p l i f i e r  

and t h e n  t o  a  f i l t e r ,  which p r o v i d e s  immunity from p u l s e s  o f  

d u r a t i o n  o f  10 m i l l i s e c o n d s  o r  l e s s .  Surge  p r o t e c t i o n  i s  p r o -  

v i d e d  w i t h  a  Zener d i o d e .  I f  a  - 5 - v o l t  p u l s e  w ide r  t h a n  10 m i l l i -  

seconds  i s  a p p l i e d  t o  t h e  t r a i n  s e n s o r  i n ~ u t  t e r m i n a l s ,  a  c a p a c i t o r  

i s  a l lowed t o  d i s c h a r g e .  The c a p a c i t o r  b e g i n s  t o  cha rge  s lowly  

a f t e r  t h e  i n p u t  r e t u r n s  t o  0  v o l t .  Three seconds  a f t e r  t h e  l a s t  

t r a i n - s e n s o r  p u l s e ,  t h e  c a p a c i t o r  i s  f u l l y  cha rged  and r e s e t s  t h e  

t r a i n - p r e s e n c e  l a t c h .  This  l a t c h  i n  t h e  r e s e t  p o s i t i o n  causes  

t h e  warning  a c t i v a t i o n  o u t p u t  t o  r e t u r n  t o  + 1 2  v o l t s  D C .  

A.1.4 R e l i a b i l i t v  and Cost 

R a n t e c ' s  r e l i a b i l i t y  a n a l y s i s  shows a  p r e d i c t e d  mean t ime t o  

f a i l u r e  of  21,906 hour s  ( o v e r  two y e a r s )  w i t h  m a l f u n c t i o n  i n d i c a -  

t i o n ,  and 155,279 hour s  f o r  a  n o n - f a i l s a f e  f a i l u r e  mode. T h e i r  

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

l o t s  o f  1000 p e r  y e a r ,  i s  $290 f o r  m a t e r i a l s  p l u s  1 5 . 3  hour s  p e r  

t r a n s m i t t e r / r e c e i v e r  p a i r .  ( I t  s h o u l d  be  n o t e d ,  however ,  t h a t  

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

d e s i g n  t h a n  would be  u t i l i z e d  i n  an a c t u a l  a p p l i c a t i o n .  See S e c t i o n  

2 .  A t  t h e  same t i m e ,  f u r t h e r  d e s i g n  e f f o r t  cou ld  y i e l d  f u r t h e r  

improvement,  p a r t i c u l a r l y  i n  MTBF.) 

A . 2  SAFETRAN TELEMETRY SYSTEM 

A . 2 . 1  I n t r o d u c t i o n  

The S a f e t r a n  sys t em i s  based  upon d i s c r e t e  components ,  and 

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

p a i r .  There a r e  55 t r a n s i s t o r s ,  p l u s  b i a s  r e s i s t o r s  and b l o c k i n g  

c a p a c i t o r s  a s s o c i a t e d  w i t h  each  t r a n s i s t o r .  Th i s  h i g h  p a r t s  

coun t  makes c h a l l e n g i n g  t h e  achievement  o f  s a t i s f a c t o r y  MTBF, and 

c o n t r i b u t e s  t o  h i g h  power consumption (-300 mW). 



A . 2 . 2  T r a n s m i t t e r  

In  t h e  t r a n s m i t t e r  u n i t  ( s e e  F i g u r e s  A-5 and A-6) S a f e t r a n  

u s e s  two v o l t a g e - r e g u l a t o r  c i r c u i t s .  The f i r s t  i s  a  combina t ion  

s t a t i c  i n v e r t e r / r e g u l a t o r .  I t  t a k e s  a  9 - t o - 1 5  v o l t  DC b a t t e r y  

v o l t a g e  and p u t s  o u t  a  c o n s t a n t  1 5 . 0  v o l t s  D C .  The c i r c u i t  con-  

s i s t s  o f  an o s c i l l a t o r ,  t r a n s f o r m e r ,  r e c t i f i e r ,  f i l t e r ,  and Zener 

d i o d e s .  The r e g u l a t e d  1 5 . 0  v o l t s  i s  t h e n  used  t o  d r i v e  a l l  t h e  

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

u l a t o r  which p r o v i d e s  h i g h l y  s t a b l e  v o l t a g e  r e g u l a t i o n  and has  

an e l e c t r o n i c  s h u t - o f f  c a p a b i l i t y .  Th i s  I C  d r i v e s  t h e  50 m i l l i -  

w a t t  Gunn o s c i l l a t o r  d i r e c t l y ,  t h e  d i o d e  b e i n g . m o d u l a t e d  by u s e  

o f  t h e  e l e c t r o n i c  s h u t - o f f  s w i t c h  i n  t h e  c h i p .  A l l  t h e  l o g i c  

c i r c u i t r y  t h u s  d r i v e s  a  h igh- impedance ,  l o w - c a p a c i t a n c e  l o a d  - -  
t h e  s h u t - o f f  g a t e  on t h e  I C  s h i p .  S a f e t r a n  a l s o  p l a c e s  a  'd raw-  

down' c i r c u i t  i n  p a r a l l e l  w i t h  t h e  d i o d e .  The pu rpose  of  t h i s  

c i r c u i t  i s  t o  s h o r t - c i r c u i t  t h e  d i o d e  t o  ground a t  t h e  end o f  

each  p u l s e .  

The modu la t ion  c i r c u i t  u s e s  t h r e e  s i m p l e  RC-type o s c i l l a t o r s .  

The f i r s t  i s  t h e  d u t y - c y c l e  o s c i l l a t o r  which once e v e r y  0 . 5  seconds  

s u p p l i e s  t h e  Vcc v o l t a g e  t o  each  o f  t h e  o t h e r  two f o r  10 m i l l i -  

s e c o n d s .  These l a t t e r  o s c i l l a t o r s ,  which s p e c i f y  t r a i n  p r e s e n c e  

o r  a b s e n c e ,  a r e  i n  a  p a r a l l e l  mode o f  o p e r a t i o n  and f e e d  a  two 

i n p u t - f r e q u e n c y  s e l e c t i n g  g a t e .  

The f r equency  s e l e c t  c i r c u i t r y  i s  f a i l s a f e ,  i n  t h e  s e n s e  

t h a t  1 2  v o l t s  a t  t h e  s e n s o r - i n p u t  t e r m i n a l s  d e n o t e s  a  n o - t r a i n  

c o n d i t i o n ,  w h i l e  l e s s  t h a n  4 v o l t s  r e p r e s e n t s  a  t r a i n - p r e s e n t  

c o n d i t i o n .  When t h e  t r a i n - s e n s o r  i n p u t  i s  grounded,  a  t i m i n g  

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

microseconds  i s  r e q u i r e d .  The z e r o  p o t e n t i a l  a c r o s s  t h e  t i m i n g  

c a p a c i t o r  causes  a  f r e q u e n t y  s e l e c t o r  g a t e  t o  s w i t c h  and a l l o w  

t h e  2.2-kHz s i g n a l  t o  p a s s  t o  t h e  v o l t a g e  r e g u l a t o r  and n o t  t h e  

1 . 0  kHz.  A f t e r  t h e  t r a i n - s e n s o r  i n p u t  r e t u r n s  t o  a  h i g h ,  1 2  v o l t  

s t a t e ,  t h e  t i m i n g  c a p a c i t o r  b e g i n s  t o  c h a r g e .  A f t e r  3 -5  s e c o n d s ,  

when t h e  c a p a c i t o r  i s  f u l l y  c h a r g e d ,  t h e  f r e q u e n c y - s e l e c t  c i r c u i t  

s w i t c h e s  back and a l l o w s  t h e  1 . 0  kHz s i g n a l  t o  p a s s  t o  t h e  

r e g u l a t o r .  
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A .  2 .3  Rece ive r  

The S a f e t r a n  r e c e i v e r  ( F i g u r e s  A - 7  and A-8) u s e s  t h e  same 

t y p e  o f  power supp ly  r e g u l a t i o n  a s  t h e  t r a n s m i t t e r .  There i s ,  

o f  c o u r s e ,  no seconda ry  r e g u l a t i o n  a s  t h e r e  was i n  t h e  t r a n s -  

m i t t e r .  As long  a s  t h e  s u p p l y  v o l t a g e  i s  between 9 and 15  v o l t s  

D C ,  t h e  r e c e i v e r  c i r c u i t r y  i s  d r i v e n  by a  c o n s t a n t  13 .7  v o l t s  D C .  

The r e c e i v e d  microwave i n p u t  i s  f i r s t  d e t e c t e d  by a  

S c h o t t k y - b a r r i e r  d i o d e  and t h e n  a p p l i e d  t o  a  p r e - a m p l i f i e r .  

The w a v e g u i d e - t o - c o a x i a l  a d a p t e r ,  t h e  d e t e c t o r  d i o d e ,  and t h e  

4 - s t a g e ,  5 - t r a n s i s t o r ,  p r e - a m p l i f i e r  a r e  a l l  mounted i n  a  s i n g l e  

package .  The pre-amp i s  an a l l  t r a n s i s t o r  d e s i g n  and has  a  

v o l t a g e  g a i n  o f  80 dB and  a  n o i s e  f i g u r e  o f  abou t  5  dB. 

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

boa rd  and i n t o  two p a r a l l e l  f i l t e r s .  The s e p a r a t e  o u t p u t  o f  each  

f i l t e r  i s  t h e n  a m p l i f i e d  i n  a  two-channel  s t e r e o  a m p l i f i e r  i n t e -  

g r a t e d  c i r c u i t .  The f i l t e r s  u s e d  a r e  band p a s s  and o f  a  L C ,  two 

p o l e ,  T s c h e b y s h e f f ,  "T" t y p e  d e s i g n .  Each f i l t e r  has  a  band-  

w i d t h  e q u a l  t o  t h e  r e c i p r o c a l  o f  t h e  b u r s t w i d t h  - -  100 Hz. One 

f i l t e r  h a s  i t s  c e n t e r  f r equency  a t  1 . 0  kHz w h i l e  t h e  o t h e r  f i l t e r  

has  i t s  a t  2 . 2  kHz. The c r o s s - c h a n n e l  r e j e c t i o n  f o r  t h i s  f i l t e r  

i s  app rox ima te ly  1 2  dB, which s e r i o u s l y  l i m i t s  t h e  dynamic range  

of  t h e  sys t em.  (This  problem c o u l d  be  l e s s e n e d  by u s e  o f  an AGC 

c i r c u i t  i n  t h e  r e c e i v i n g  a m p l i f i e r . )  

A f t e r  t h e  s t e r e o  a m p l i f i e r , t h e  waveforms a r e  f i r s t  peak 

d e t e c t e d ,  and t h e  peak  v o l t a g e s  o f  each  a r e  t h e n  s t o r e d  a c r o s s  a  

c a p a c i t o r  w i t h  a  t ime c o n s t a n t  o f  abou t  two seconds .  The DC 

v o l t a g e  on each  channe l  i s  compared t o  a  r e f e r e n c e .  I f  t h e  v o l t -  

age l e v e l  on t h e  t r a i n - p r e s e n t  channe l  i s  g r e a t e r  t h a n  2.5 v o l t s ,  

a  l a t c h  i s  s e t  and t h e  warning  a c t i v a t i o n  o u t p u t  i s  d r i v e n  from 

1 2  v o l t s  t o  0  v o l t s  a c r o s s  t h e  a p p r o p r i a t e  s t o r a g e  c a p a c i t o r ,  t h e  

m a l f u n c t i o n  o u t p u t ,  by u s e  o f  a n  OR g a t e ,  i s  d r i v e n  from 1 2  v o l t s  

t o  ground.  A f t e r  a  m a l f u n c t i o n  i n d i c a t i o n ,  i f  t h e  v o l t a g e  on 

e i t h e r  channe l  r e t u r n s  t o  above t h e  2 . 5 - v o l t  l e v e l ,  t h e  mal -  

f u n c t i o n  o u t p u t  r e t u r n s  t o  1 2  v o l t s  D C .  
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The r e c e i v e r  i n p u t s ,  l i k e  t h o s e  of  t h e  t r a n s m i t t e r ,  a r e  

o p e r a t e d  i n  a  f a i l s a f e  mode i n  t h e  s e n s e  t h a t  a  n o - t r a i n  c o n d i t i o n  

i s  r e p r e s e n t e d  by 1 2  v o l t s  on t h e  s e n s o r - i n p u t  l e a d s ,  and a  t r a i n -  

p r e s e n t  c o n d i t i o n  i s  r e p r e s e n t e d  by 0  v o l t s .  The t r a i n  s e n s o r  

c i r c u i t  p roduces  a  p u l s e  f i v e  seconds  a f t e r  t h e  l a s t  t r a i n  s e n s o r  

p u l s e  i s  a p p l i e d  t o  t h e  i n p u t  t e r m i n a l s .  Th i s  p u l s e  r e s e t s  t h e  

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

c o n d i t i o n .  

A.2.4 R e l i a b i l i t y  and Cost  

S a f e t r a n  e s t i m a t e s  a  p r i c e  o f  $1200 p e r  t r a n s m i t t e r / r e c e i v e r  

p a i r  i n  1000 l o t s .  No d e t a i l e d  f a i l u r e - m o d e  a n a l y s i s  was unde r -  

t a k e n ,  b u t  t h e y  r e p o r t  e s t i m a t e s  based  on e x p e r i e n c e  w i t h  e x i s t i n g  

sys tems u t i l i z i n g  s i m i l a r  components and c i r c u i t s .  T h e i r  p r e -  

d i c t e d  r e l i a b i l i t y  i s  a  MTBF o f  5 y e a r s ,  g i v e n  s u f f i c i e n t  o p e r a t i n g  

and manufac tu r ing  e x p e r i e n c e  w i t h  a  p a r t i c u l a r  sys tem.  
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