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ABSTRACT 

Two common methods f o r  synchron iz ing  remote c locks  a re  

c a l l e d  one-way and two-way. Both o f  these methods, when 

opera ted  i n  t h e  t r a d i t i o n a l  f a s h i o n  a re  s u b j e c t  t o  a 

number o f  d i f f i c u l t i e s  r e l a t e d  t o  p ropagat ion  per tu rban-  

ces. Th is  paper p o i n t s  o u t  however, t h a t  under c e r t a i n  

c i rcumstances,  these d i f f i c u l t i e s  can be circumvented 

f o r  t h e  two-way scheme. Th is  p o s s i b i l i t y  i s  exp lo red  

t h e o r e t i c a l l y ,  i n  some d e t a i l ,  w i t h  respec t  t o  t h e  

Loran-C n a v i g a t i o n  system. 

* C o n t r i b u t i o n  of  t h e  Na t iona l  Bureau o f  Standards, n o t  s u b j e c t  t o  

c o p y r i g h t  i n  t h e  Un i ted  States.  
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INTRODUCTION 

Radio s i g n a l s  a r e  commonly employed t o  compare c l o c k s  a t  remote 

l o c a t i o n s .  

and "two-way." 

l o c a t i o n  A,  where c l o c k  A i s  l o c a t e d ,  t o  l o c a t i o n  B where c l o c k  B 

i s  l oca ted .  The t ime,  tAB, i t  takes t h e  s i g n a l  t o  t r a v e l  f rom A 

t o  B depends upon t h e  s i g n a l  p a t h  d i s t a n c e ,  d, between A and B and 

upon t h e  average s i g n a l  speed, s ,  over  t h e  pa th .  O r  i n  s imp le  

mathematical  terms 

The two most commonly used schemes a r e  c a l l e d  "one-way" 

I n  t h e  one-way scheme a s i g n a l  i s  t r a n s m i t t e d  f rom 

To a c c u r a t e l y  compare t h e  c l o c k s  i t  i s  necessary t o  know tAB. 

though 1) i s  ma themat i ca l l y  s imp le  i t s  d e t e r m i n a t i o n  i n  t h e  " r e a l  

wor ld "  can be v e r y  d i f f i c u l t .  There a r e  a number o f  reasons f o r  

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

between A and B. I f  t h e  s i g n a l ,  f o r  example, i s  i o n o s p h e r i c a l l y  

propagated t h e  a c t u a l  s i g n a l  p a t h  i s  a complex f u n c t i o n  o f  t h e  

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

speed may change a long  t h e  pa th .  Again, i n  t h e  ionosphere,  t h e  

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

s i g n a l  may change i t s  shape d u r i n g  propagat ion.  T h i s  means t h a t  

t h e  p o i n t  on t h e  s i g n a l  wave form t h a t  i s  " tagged" as t h e  t i m e  

re fe rence  p o i n t  as t h e  s i g n a l  leaves A may be "washed o u t "  by  t h e  

t i m e  t h e  s i g n a l  a r r i v e s  a t  B. Fou r th ,  i t  i s  necessary t o  accur-  

a t e l y  know t h e  geographic l o c a t i o n s  o f  A and 6. 

The f i r s t  t h r e e  f a c t o r s  a r e  u s u a l l y  d iscussed i n  terms o f :  

A1 - 

1 ) 
2) i s o t r o p y  o f  t h e  medium; 

homogeneity o f  t h e  medium; 

and 3) f requency dependence o f  t h e  medium ( d i s p e r s i o n ) .  

As mentioned e a r l i e r  t h e  ionosphere i s  n o t  homogeneous because i t s  
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e l e c t r o n  d e n s i t y  changes w i th  he igh t ,  which leads  t o  non-constant 

s i g n a l  speed and t o  compl ica ted  s i g n a l  paths.  Furthermore, the  
p r o p a g a t i o n  medium may be non-homogenous i n  t h e  sense t h a t  i t  

c o n t a i n s  i r r e g u l a r i t i e s  which s c a t t e r  t he  s i g n a l .  Thus, a l though 

only one s igna l  i s  t r a n s m i t t e d  f r o m  A ,  severa l  s i g n a l s  may a r r i v e  

a t  B v i a  severa l  d i f f e r e n t  pa ths .  

Because o f  t h e  presence o f  t h e  e a r t h ' s  magnetic f i e l d ,  t he  iono-  

sphere i s  a l s o  n o n - i s o t r o p i c  f o r  r a d i o  waves. I n  genera l ,  t h i s  

means t h a t  t h e  s i g n a l  speed and the a t t e n u a t i o n  o f  t h e  s igna l  

depend upon d i r e c t i o n  o f  propagat ion.  F i n a l l y ,  f o r  r a d i o  waves, 

t h e  ionosphere i s  f requency dependent because t h e  s igna l  speed 

depends upon s i g n a l  frequency. Th is  e f f e c t  i s  u s u a l l y  r e f e r r e d  t o  

as f requency d i s p e r s i o n  of t h e  s i g n a l .  A l l  t h r e e  o f  these f a c t o r s  

l e a d  t o  shape d i s t o r t i o n  o f  t h e  s i g n a l ,  i l l u s t r a t e d  schemat ica l l y :  

PROPAGATION 

SIGNAL OUT SIGNAL IN MEDIUM 
1 I 

Sommerfeld['' and o the rs  have considered d i s p e r s i o n  i n  cons iderab le  

d e t a i l .  These t rea tments  a re  h i g h l y  mathematical ,  and I s h a l l  

o n l y  b r i e f l y  ske tch  t h e  main r e s u l t s  o f  these i n v e s t i g a t i o n s .  

F i r s t ,  some ve ry  smal l  p a r t  o f  t h e  s i g n a l  t r a v e l s  w i t h  the  speed 

o f  l i g h t  independent o f  t h e  d i s p e r s i v e  p r o p e r t i e s  o f  t h e  medium. 

Th is  p a r t  o f  t h e  s i g n a l  c a l l e d  t h e  "Sommerfeld p recursor "  i s  q u i t e  

weak and o s c i l l a t e s  ve ry  r a p i d l y .  A s h o r t  t ime  l a t e r  t he  " B r i l l o u i n  

p recu rso r "  a r r i v e s  w i t h  g r e a t e r  ampl i tude and longer  d u r a t i o n .  

F i n a l l y ,  depending upon t h e  s t r u c t u r e  o f  t h e  t r a n s m i t t e d  s i g n a l  

and upon t h e  d e t a i l e d  d i s p e r s i v e  p r o p e r t i e s  o f  t h e  medium, t h e  

s i g n a l  s e t t l e s  i n t o  some steady s t a t e  va lue.  The Sommerfeld and 

B r i  11 o u i  n p r e c u r s o r s  have been exper imenta l  l y  v e r i  f i e d  i n t h e  

1 abo ra to ry  a t  micro-wave f requenc ies  , ['' a1 though t o  my know1 edge 

no one has i n v e s t i g a t e d  t h e  p o s s i b i l i t y  o f  u s i n g  them i n  t i m i n g  



TWO-WAY MEASUREMENTS 

To a v o i d  some o f  t h e  d i f f i c u l t i e s  d iscussed i n  p rev ious  paragraphs, 
i t  i s  sometimes e a s i e r  and perhaps even necessary t o  measure T~~ 

when one wants t o  make a c l o c k  comparison. 

scheme" i s  employed t o  measure tAB i n  t h e  f o l l o w i n g  way. As i n  

t h e  one-way method, a s i g n a l  i s  t r a n s m i t t e d  f rom A which a r r i v e s  

some t i m e  l a t e r  a t  B. A t  t h e  i n s t a n t  t h e  s i g n a l  a r r i v e s  a t  B ( o r  

a f t e r  some known de lay  t ime) ,  i t  i s  r e t u r n e d  t o  A. To determine 

t h e  round t r i p  p a t h  de lay  between A and E ,  an observer  a t  A notes 

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

r e s p e c t  t o  t h e  c l o c k  a t  A. 

t hen  p a t h  de lay  r e c i p r o c i t y  can be assumed; t h a t  i s ,  t h e  p a t h  

de lay  from A t o  B equals t h e  p a t h  d e l a y  f rom B t o  A. 
( round t r i p  delay)/2.  

U s u a l l y  a "two-way 

I f  t h e  p r o p a g a t i o n  medium i s  i s o t r o p i c ,  

Thus, tAB = 

T h i s  approach a l l e v i a t e s  two problems. F i r s t ,  i t  i s  n o t  necessary 

t o  know t h e  geographic p o s i t i o n s  o f  A and B y  and second, i t  i s  n o t  
necessary t o  know average s i g n a l  speed. The disadvantage i s  t h a t  

t r a n s m i t t i n g  and r e c e i v i n g  equipment a r e  r e q u i r e d  a t  b o t h  ends o f  

t h e  pa th .  I f  t h e  

s i g n a l  a r r i v i n g  a t  B i s  a d i s t o r t e d  v e r s i o n  o f  t h e  one t r a n s m i t t e d  

f rom A ,  t hen  i t  i s  no l o n g e r  c l e a r  when t h e  t i m e  r e f e r e n c e  p o i n t  

has a r r i v e d  a t  B so i t  can be " r e f l e c t e d "  t o  A. S i m i l a r i l y ,  t h e  

s i g n a l  t r a v e l i n g  f rom B t o  A w i l l  be d i s t o r t e d  so t h e r e  i s  aga in  

t h e  problem o f  de te rm in ing  s i g n a l  a r r i v a l  t i m e  a t  A. 

There may a l s o  be a problem due t o  d i s p e r s i o n .  

The problem o f  s i g n a l  shape d i s t o r t i o n  can be cons ide red  f rom a 

somewhat d i f f e r e n t  p o i n t  o f  view. As s t a t e d  above, i f  r e c i p r o c i t y  

ho lds  and i f  t h e r e  i s  no s i g n a l  shape d i s t o r t i o n ,  t h e n  t h e  observer  

a t  A,  u s i n g  t h e  two-way method, can determine t h e  one-way p a t h  

de lay  tAB f rom A t o  B. The concept  o f  s i g n a l  de lay ,  tAB, i n v o l v e s  
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t h e  n o t i o n  o f  average s i g n a l  speeds and p a t h  d i s t a n c e  (as shown 

e x p l i c i t l y  by  e q u a t i o n  1). The two-way measurement o n l y  p rov ides  

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

I f  e i t h e r  d o r  s i s  known by  some independent means then  t h e  

o t h e r  q u a n t i t y  can be determined. 

IAB 9 

Consider t h e  case now where t h e r e  i s  some d e f i n i t e  known p a t h  

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

a l o n g  t h e  p a t h  so t h a t  a d i s t o r t e d  s i g n a l  a r r i v e s  a t  B and t h e  

r e t u r n  s i g n a l  a l s o  a r r i v e s  d i s t o r t e d  a t  A .  I n  t h i s  case, tAB 

cannot  be measured, so no meaningfu l  v a l u e  can be assigned t o  s ,  

even though d i s  known. We c o u l d  say t h a t  t h e  n o t i o n  o f  s i g n a l  

speed o r  "group" v e l o c i t y ,  as i t  i s  u s u a l l y  c a l l e d ,  has f a i l e d .  

I n  a s i m i l a r  f a s h i o n  suppose t h a t  t h e r e  i s  n o t  d i s p e r s i o n ,  b u t  

t h e r e  a r e  many i r r e g u l a r i t i e s  i n  t h e  p a t h  which s c a t t e r  t h e  s i g n a l  

so t h a t  a l t h o u g h  o n l y  one s i g n a l  i s  t r a n s m i t t e d  f rom A, many 

o v e r l a p p i n g  b u t  s i m i l a r l y  shaped s i g n a l s  a r r i v e  a t  B. Again t h e  

composite s i g n a l  a t  B i s  a d i s t o r t e d  v e r s i o n  of t h e  one t h a t  l e f t  

A ,  so t h a t  no meaningfu l  a r r i v a l  t i m e  can be assigned. For  t h i s  

case, s has a d e f i n i t e  v a l u e  (assuming i s o t r o p y ) ,  b u t  d i s  n o t  

meaningfu l  s i n c e  no s i n g l e  p a t h  i s  i nvo l ved .  I f  a s i n g l e  p a t h  can 

be i s o l a t e d  (e.g. t h e  Loran-C ground-wave s i g n a l ) ,  t hen  t h e  problem 

can be reso lved .  

Suppose now t h a t  tAB cannot  be m e a n i n g f u l l y  determined by t h e  

two-way method, e i t h e r  because o f  s i g n a l  shape d i s t o r t i o n  o r  

because o f  a m u l t i t u d e  o f  paths., o r  perhaps both.  Are e i t h e r  one 

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

two-way scheme? That  i s ,  i s  t h e  n o t i o n  o f  d e f i n i t e  p a t h  delay,  

and d e f i n i t e  average group v e l o c i t y ,  s,  necessary f o r  t h e  T~~ 3 

two-way scheme t o  work? 
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L e t ’ s  cons ide r  t h e  f o l l o w i n g  s i t u a t i o n .  The p r o p a g a t i o n  medium 

between A and B i s  b o t h  d i s p e r s i v e  and non-homogeneous, b u t  i s o -  

t r o p i c .  That  i s ,  t h e  s i g n a l s  p r o p a g a t i n g  between A and B a r e  b o t h  

d i spe rsed  and s c a t t e r e d  i d e n t i c a l l y  i n  b o t h  d i r e c t i o n s  because o f  

i s o t r o p y .  Suppose s i m i l a r y  shaped s i g n a l s  a r e  launched s imul  t a -  

neously  f rom A and B. The s i g n a l s  a r r i v i n g  a t  A and B w i l l  have 

i d e n t i c a l  shapes, though ve ry  d i f f e r e n t  f rom t h e  t r a n s m i t t e d  

shapes, and f u r t h e r ,  b o t h  s i g n a l s ,  s i n c e  t h e y  were launched s imu l -  

t aneous ly ,  w i l l  f l u c t u a t e  i n  amp l i t ude  and phase i d e n t i c a l l y  as a 

f u n c t i o n  o f  t i m e  a t  A and B.  I f  t h e  s i g n a l s  a r e  n o t  launched 

s imu l taneous ly  (and i f  t h e  p r o p a g a t i o n  medium remains c o n s t a n t  

w i t h  t ime) ,  t h e n  t h e  two s i g n a l s  a r r i v i n g  a t  A and B w i l l  s t i l l  be 

i d e n t i c a l l y  shaped, b u t  d i s p l a c e d  i n  a r r i v a l  t i m e  by an amount 

t h a t  i s  j u s t  equal t o  t h e  d i f f e r e n c e  i n  l aunch  t imes  o f  t h e  two 

s i g n a l  s. 

Thus, a l l  t h a t  i s  r e q u i r e d  t o  compare t h e  c l o c k s  a t  A and B i s  t o  

determine t h e  amount o f  t i m e  d isp lacement  o f  t h e  two s i g n a l s  i n  

s p i t e  o f  t h e  f a c t  t h a t  t h e  n o t i o n s  o f  group v e l o c i t y  and d e f i n i t e  

p a t h  de lay  have no meaning. Thus, i s o t r o p y  ( w i t h  t h e  two-way 

scheme) i s  t h e  o n l y  c o n d i t i o n  r e q u i r e d  t o  compare c locks .  Homo- 

g e n e i t y  and d i s p e r s i o n l e s s  media a r e  n o t  r e q u i r e d .  

T h i s  f a c t  does n o t  seem t o  have been e x p l i c i t l y  p o i n t e d  o u t  b e f o r e ,  

perhaps because o f  t h e  i n t i m a t e  a s s o c i a t i o n  between t i m i n g  and 

n a v i g a t i o n  systems where t h e  n o t i o n  o f  p a t h  d e l a y  i s  c r i t i c a l .  

I n  summary then, i f  t h e  medium i s  despers ion less ,  i s o t r o p i c  and 

homogeneous, t h e  n o t i o n  o f  p a t h  de lay  can be employed and t h e  

two-way scheme may be employed i n  t h e  usual  way. However, i f  t h e  

medium i s  d i s p e r s i v e  and non-homogeneous, t h e  two-way scheme can 

s t i l l  be used i f  t h e  r e c e i v e d  s i g n a l s  a t  t h e  two ends o f  t h e  p a t h  



a r e  b rough t  t o g e t h e r  t o  determine t h e i r  d i f f e r e n c e  i n  a r r i v a l  

t ime.  I n  f a c t ,  we m i g h t  say t h a t  b r i n g i n g  t h e  reco rds  t o g e t h e r  i s  

t h e  e x t r a  p r i c e  we must pay t o  remove t h e  d i s p e r s i o n  and non-homo- 

genei  t y  p r o b l  ems. 

A p r a c t i c a l  implementat ion o f  t h i s  procedure would be t o  sample, 

a t  h i g h  r a t e ,  and s t o r e  on magnet ic tape ,  t h e  ampl i tudes o f  t h e  

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

c l o c k s  a t  A and 6. The tapes c o u l d  then  be b rough t  t o g e t h e r  and 

l a g  c r o s s - c o r r e l a t e d  t o  determine t h e  c l o c k  o f f s e t s .  

LORAN-C 

Loran-C i s  t h e  backbone o f  t h e  system f o r  i n t e r n a t i o n a l  c l o c k  com- 

pa r i sons .  Loran-C has t h e  advantage t h a t  i t s  s i g n a l s  a r e  pu lsed  

so  t h a t  ground wave and sky-wave s i g n a l s  'can be separated i f  t h e  

observer  i s  s u f f i c i e n t l y  c l o s e  t o  t h e  Loran-C t r a n s m i t t e r .  

a t  d i s tances  beyond seve ra l  thousand k i l o m e t e r s ,  t h e  ground wave 

weakens r e l a t i v e  t o  t h e  sky wave s i g n a l  and t h e  d i f f e r e n c e  i n  

a r r i v a l  t i m e  between t h e  sky and ground wave s i g n a l s  becomes smal l  

so t h a t  i t  i s  d i f f i c u l t  t o  separa te  them. Even a t  d i s tances  where 

t h e  s e p a r a t i o n  can be made, i n t e r n a t i o n a l  c l o c k  comparisons a re  

compromised by t h e  f a c t  t h a t  t h e  ground wave de lay  i s  s u b j e c t  t o  

an annual v a r i a t i o n  w i t h  a magnitude o f  about one microsecond a t  
[31 s i t e s  as f a r  removed as t h e  NBS t i m e  s c a l e  i n  Boulder,  Colorado. 

However, 

The d i s c u s s i o n  i n  t h i s  paper suggests t h a t  more accu ra te  c l o c k  

comparisons c o u l d  be made i f  Loran-C were employed i n  a two-way 

mode. 

cancel  ou t .  Second, i t  i s  n o t  necessary t o  separate t h e  ground 

and sky waves i f  t h e  c r o s s - c o r r e l  a t i  on techn ique  i s u t i  1 i zed. 

T h i r d ,  t h e  Loran-C sky wave has been de tec ted  a t  d i s tances  exceeding 

F i r s t  o f  a l l ,  v a r i a t i o n s  i n  p a t h  d e l a y  (annual o r  o therwise)  
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5 thousand  kilometer^,'^' so i t  would n o t  be necessary t o  " b r i d g e "  

l a r g e  d i s tances  by i n te rcompar ing  obse rva t i ons  o f  Loran-C s i g n a l s  

which w e r e  a l l  w i t h i n  "groundwave" d i s t a n c e  o f  each o t h e r .  Fou r th ,  

t o  improve s i g n a l  t o  no ise,  t h e  s i g n a l s  c o u l d  be averaged f o r  l o n g  

p e r i o d s  o f  t i m e  a t  b o t h  ends o f  t h e  pa th ,  s i n c e  s i g n a l  p a t h  de lay  

v a r i a t i o n s  have no e f f e c t  on t h e  c r o s s - c o r r e l a t i o n  de te rm i  n a t i o n  

o f  c l o c k  o f f s e t .  

S t r i c t l y  speaking, f o r  t h e  two-way measurements, t h e  observers a t  

b o t h  ends o f  t h e  p a t h  should be co - loca ted  w i t h  t h e  t r a n s m i t t i n g  

antennas a t  A and B, b u t  as a p r a c t i c a l  m a t t e r ,  t h i s  i s  n o t  p o s s i b l e .  

However, o t h e r  measurementsC5' suggest t h a t  t h e  obse rve r  c o u l d  be 

as f a r  as a few k i l o m e t e r s  f rom t h e  t r a n s m i t t i n g  antenna b e f o r e  

any s i g n i f i c a n t  d i f f e r e n c e  f o r w a r d  and r e t u r n  i n  t h e  p r o p a g a t i o n  

pa ths  developed. Another d i f f i c u l t y  r e l a t e d  t o  b e i n g  near  t h e  

t r a n s m i t t e r  antennas, i s  t h a t  t h e  t r a n s m i t t e r  s i g n a l s  m i g h t  i n t e r -  

f e r e  w i t h  one ' s  a b i l i t y  t o  r e c e i v e  d i s t a n t  Loran-C s i g n a l s .  

However, because o f  t h e  s h o r t  p u l s e  w i d t h  o f  t h e  s i g n a l s ,  i t  

appearsL6' t h a t  g a t i n g  procedures can be developed which w i l l  

s o l v e  t h i s  problem. 

The p r imary  p o i n t  t h a t  remains i n  q u e s t i o n  i s  t h e  degree o f  an 

i s o t r o p y  f o r  Loran-C sky-wave s i g n a l s .  As s t a t e d  e a r l i e r ,  t h e  

presence o f  t h e  e a r t h ' s  magnetic f i e l d  i n  t h e  ionosphere makes i t  

a n i s o p t r o p i c .  Us ing  a procedure developed b y  J o h l e r ,  C7' some 

p r e l i m i n a r y  c a l c u l a t i o n s  have been made t o  determine t h e  degree of 

a n i s o t r o p y  f o r  Loran-C sky waves. Table I shows t h e  r e s u l t s  o f  

these c a l c u l a t i o n s  f o r  b o t h  l o c a l  noon and l o c a l  m i d n i g h t  a t  t h e  

m id -po in t  o f  t h e  pa th .  When t h e  observer  i s  f a r  enough f rom t h e  

t r a n s m i t t e r  s t a t i o n  so t h a t  t h e  s i g n a l s  r e f l e c t  f rom t h e  ionosphere 

a t  g r a z i n g  i nc idence ,  i . e . ,  a t  o r  exceeding 2000 k i l o m e t e r s ,  t h e  

t a b l e  shows d u r i n g  t h e  dayt ime t h a t  the p a t h  d e l a y  n o n - r e c i p r o c i t y  
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a t  100 kHz i s  49 nanoseconds f o r  eas t -wes t  propagation and 3 

nanoseconds f o r  north-south propagat ion.  A t  n i g h t ,  t he  non-reci- 
proci  t y  amounts t o  190 nanoseconds f o r  east-west  propagation. 
Other r e l a t e d  calculat ionsC8'  suggest  t h a t  one can always expect a 
g r e a t e r  non-reciproci t y  a t  n igh t .  

Based on these  r e s u l t s  f o r  graz ing  inc idence ,  i f  t he  non-reciproc- 
i t y  component of t h e  100 kHz s igna l  de lay  i s  ignored,  t h e  e r r o r  i n  
t h e  two-way clock comparison would be ha l f  t h e  t o t a l  non-reciproc- 
i t y  o r  about 25 nanoseconds. 

O f  course these  c a l c u l a t i o n s  depend upon a p a r t i c u l a r  model of t h e  
ionosphere.  However, a s  long a s  t h e  s i g n a l s  r e f l e c t  from the  
ionosphere a t  grazing inc idence ,  I do not  a n t i c p a t e  t h a t  t h e  
degree of non-reciproci ty  wi 11 be p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  
d e t a i  1 s of t he  ionospheric  model. c91 

The t a b l e  a l s o  shows t h a t  a s  t h e  o b s e r v e r ' s  d i s t ance  t o  t h e  Loran-C 
t r a n s m i t t e r  decreases  the  degree of non-rec iproc i ty  increases .  
This i s  probably due t o  t h e  f a c t  t h a t ,  a t  s h o r t e r  d i s t a n c e s ,  t he  
s igna l  pene t r a t e s  more deeply i n t o  the ionosphere during t h e  
r e f l e c t i o n  process ,  so  t h a t  t h e  s igna l  path through t h e  non-iso- 
t r o p i c  por t ion  of t he  t o t a l  path between A and B increases .  My 
prel iminary conclusion from these  c a l c u l a t i o n s  i s  t h a t  two-way 
Loran-C comparisons should be made during t h e  daytime over d i s -  
t ances  l a r g e  enough f o r  graz ing  incidence t o  hold. 

I t  should be emphasized t h a t  t hese  c a l c u l a t i o n s  apply only t o  t h e  
100 kHz Fourier  component of t h e  Loran-C pulse .  To determine i n  
d e t a i l  what happens t o  the ent i re  pu l se  during propagat ion,  re-  
q u i r e s  making s i m i l a r  c a l c u l a t i o n s  f o r  a l l  of t h e  s i g n i f i c a n t  
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F o u r i e r  components of  t h e  p u l s e  and then  adding up these compon- 

e n t s  w i t h  t h e  p roper  phases a t  t h e  o b s e r v e r ' s  l o c a t i o n .  I n  a d d i -  

t i o n ,  t h e  degree of  a t t e n u a t i o n  o f  t h e  ampl i tudes o f  t h e  F o u r i e r  

components d u r i n g  p ropaga t ion  i s  a l s o  a f u n c t i o n  o f  F o u r i e r  f r e -  
quency and p r o p a g a t i o n  d i r e c t i o n s .  There fo re ,  a complete a n a l y s i s  

o f  what happens t o  t h e  Loran-C p u l s e  d u r i n g  p ropaga t ion  must t a k e  

i n t o  account b o t h  amp l i t ude  and phase de lay  v a r i a t i o n s  as a func-  

t i o n  o f  d i r e c t i o n  and F o u r i e r  f requency. 

The advantage of  such an a n a l y s i s  i s  t h a t  t h e  f u l l  energy i n  t h e  

p u l s e  a t  a l l  F o u r i e r  components can be used. Such c a l c u l a t i o n s  

a r e  now under way and w i  11 be r e p o r t e d  i n  a l a t e r  paper.  

As  a f i n a l  p o i n t ,  s i n c e  t h e  procedures d iscussed he re  i m p l y  t h a t  

c l o c k s  comparisons i n  t h e  tens  o f  nanoseconds range be accomplished, 

r e l a t i v i t y  e f f e c t s  cannot be ignored.  

d i r e c t i o n  a t  40° L a t . ,  over  a d i s t a n c e  o f  about 4000 k i l o m e t e r s ,  

n o n - r e c i p r o c i t y  due t o  r e l a t i v i s t i c  e f f e c t s  amounts t o  about  10 

For  example, i n  t h e  east -west  

cm nanoseconds. 
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