


I n  t h e  p a s t  few y e a r s ,  v a r i o u s  methods of a v o i d i n g  o r  
minimizing t h e s e  undes i rnh  l e  phenomena have been proposed,  
i n c  Zuding independen t  h i g h l y  s t a b l e  a tomic  c locks  1 I ]  , 
mutual  I r equency  a v e r a g i n g  [ 2 ]  , h i e r a r c h i c a  L m a s t e r - s l a v e  131 
and s e l f - o r g a n i z i n g  m a s t e r - s l a v e  [ 4 1 .  More r e c e n t l y ,  con- 
s i d e r a t i o n  has  been g i v e n  t o  t h e  use of rlctwork f a c i l i t i e s  
f o r  systemwide t r a n s f e r  o I  a t ime r e f e r e n c e  [ 5 ] ,  and t h e o r e -  
t i c a l  models have been used t o  p r e d i c t  r e l a t i o n s h i p s  between 
t ime t r a n s f e r  accuracy  and l i n k  p a r a m e t e r s .  To s a t i s f y  n o r -  
111al communication r e q u i r e m e n t s ,  r e l a t i v c  t ime s y n c h r o n i z a -  
t i o n  of t h e  nodes i s  s u f f i c i e n t ,  i . e . ,  che node c l o c k s  need 
n o t  be  phased i c l e n t i c a l l y  a s  long  a s  t h e i r  mutual  ave rage  
f requency  o f f s e t s  a r e  z e r o .  On t h e  o t h e r  hand,  t r a n s f e r  of 
a  t ime r e f e r e n c e  th roughou t  a network i s  e q u i v a l e n t  t o  t h e  
requ i rement  t h a t  node c l o c k s  b e  synchron ized  w i t h  z e r o  phase 
o f f s e t .  The u t i l i t y  of such a scheme w i l l  n o t  be e l a b o r a t e d  
on h e r e  e x c e p t  t o  i n d i c a t e  t h a t  s u b s t a n t i a l  Link and sub- 
sys tem r e s y n c h r o n i z a t i o n  b e n e f i t s  a c c r u e .  

The DCS lnetwork i n v o l v e s  a l a r g e  numt~er 01 l i n k s  and 
nodes w i t h  v a r i o u s  c a t e g o r i e s  of t r a n s m i s s i o n  media, i n -  
c l u d i n g  l i n e - o f - s i g h t  microwave I L O S ) ,  t r o p o s c a t t e r  (TROPO) , 
s a t e l l i t e ,  and c a b l e .  The v a r i e t y  of t r a n s m i s s i o n  equipment 
t h a t  i s  a v a i l a b l e  now, o r  planned a s  p a r t  of t h e  a l l - d i g i t a l  
ne twork,  makes a  complete and comprehensive e v a l u a t i o n  of 
sys tem performance d i f f i c u l t  ; t h e r e f  o r e ,  t h e  emphasis  i n  t h e  
e x p e r i m e n t a l  work r e p o r t e d  on h e r e  has  been Loward a  s e p a r a -  
t i o n  of  p r o p a g a t i o n  and equipment e f f e c t s .  Fur the rmore ,  t h e  
scope of t h e  e f f o r t  was l i m i t e d  t o  measurement of TROPO arlcl 
LOS l i n k s  because  of equipment and s i t e  a v a i l a b i l i t y .  Of 
t h e s e  two c l a s s e s  of transmission medium, t r o p o s c a t t e r  i n -  
v o l v e s  a g r e a t e r  d e g r e e  of v a r i a b i l i t y  i n  i t s  p a r a m e t e r s ,  
making i t s  c h a r a c t e r i z a t i o n  and measurement s u b s t a n t i a l l y  
more d i f f i c u l t  . Accord ing ly ,  a more complete t r e a t m e n t  has  
been g i v e n  i n  t h i s  paper  on t h e  s u b j e c t  of t ime t r a n s f e r  v i a  
TROPO l i n k s ,  a s  compared w i t h  t h e  more wide ly  unders tood  
TAOS a p p l i c a t  l.on. 
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Before  p r e s e n t i n g  t h e  d e t a i l e d  e x p e r i m e n t a l  c o n f i g u r a -  
t i o n  and r e s u l t s ,  a  b r i e f  r ev iew of t h e  pa ramete r s  c o ~ t r o l -  
l l n g  sys tem t ime t r a n s f e r  i s  i n  o r d e r .  C o n s i d e r ,  i n  







e n d s ,  i s  t h e n  p r o p o r t i o n a l  t o  t h e  c l o c k  o f f s e t ,  
p rov ided  t h e  t r a n s m i s s i o n  t ime  i s  identical i n  
b o ~ h  d i r c c : t i o n s .  ?'(.I t-lle e x c e n t  t h a t  this i s  
true, T A  - T.B  m a y  used c i i . rec t ly  a s  a cloclc 
c o r r e c t i o n  s i g n a l .  

I n  b o t h  of t h e s e  s i t u a t i o n s ,  t h e  medium and equipment  d e l a y  
v a r i a t i o n s  c o r l t r o l  t h c  t ime  t l - a n s f e r  a c c u r a c y .  For  single- 
ended s y s t e m s ,  v a r i a b i l i t y  ar2und a l o n g - t e r m  mean, i n  t e rms  
of b o t h  magnitude and s p e c t r a l  w i d t h ,  i s  t h e  e s s e n t i a l  i n -  
g r e d i e n t .  flowever, t h e  c o n c e p t  of a t r u e  knos.n~ a v e r a g e  w i l l  
be  quspec t  i n  most o p e r a t i o n a l  s y s t e m s ,  and t h e  magnitude uf 
r e s i d u a l  b i a s e s  must a l s o  be (:stinlaceti. Double-ended t r a n s -  
f e r  methods d e p ~ n c l  f o r  t h e i r  success on s i m i l a r  p a r a m e t e r s  
e x p r e s s e d  i n s t e a d  i n  t e rms  of b i d i r e c t i o n a l  p a t h  d e l a y  d i i -  
f e r e n c e s ;  namely, the t ime  s t r u c t u r e  a n d  magnitude of t h e  
d i f f e r e n c e ,  a l o n g  w i t h  r e s i d u a l  biases which a r c  not a c -  
coun ted  f o r  a - p r i o r i .  

One-way and b i d i r c c t i o n a  L d e l a y  pararrieters have been 
i n v e s t i g a t e d  f o r  1'ROPO and '.CIS linlcs at t h e  M D C  t e s t  L a c i -  
l i t i e s  d u r i n g  t h e  l a s t  w a r ,  w i t h  measurements c a r r i e d  out 
o v e r  a r ange  of  colldit i .ons encompassing s e a s o n a l ,  tempera- 
t u r e ,  o p e r a t i n g  f r c q u e ~ ? c \ ~ ,  bit: rate, signal l e v e l ,  ancl 
d i v e r s i t y  a n g l e  cf  f e c t s  . The t empora l  b e h a v i o r  of v a r i o u s  
l i n k s  has  been s t u d i e d  wi t11  a v e r a g i n g  times r a n g i n g  from 
seconds  up t o  20  m i n u t e s ,  and d a t a  r e c o r d s  o f t e n  extcncl ing 
over 3- o r  4 - d a y  p e r i o d s .  

In  t h e  next s e c t i u n ,  some of t h e  more s i g n i f i c a n t  p r o -  
p e r t i e s  of t r o p o s o a t t e r  l i n k s  a r e  h i g h l i g h t e d .  L i n e - o f -  
s i g h t  l iulcs  n e e d  no: b c  d e s ( ~ r i b e d  he.:a~tse of t h e i r  c o n p a r a -  
tive1.y p l a c i d  ar-ld h ~ t t e r - u n d 2 r s t o o : i  I > r o ? e r t i e s .  
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G e n e r a l  T r o g o s c a t t e r  L ink  Characteristics 

The xsual a s s u m p t i o , ~ s  i n - ~ o k e - i  wt~eli d e r i v i n g  t h e o r e t i c a l  
models f o r  t r o p o s c a t t e r  p a t h s  i n c l u d e  a l i n e a r  inhomogeneous 
weak s c a t t e r i n g  medium, separating two a n t e n n a s  which are 
no- w i t h i n  l i n e  of s i g h t  t o  one a n o t h e r  ( s e e  F i g .  2 ) .  A s  a 
r e s u l t  of t h e  weak s c a t t e r i n g  assunip t ion ,  a s i n g l e  s c a t t e r i n g  
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model i s  n a r m a l l v  used, w i t h  t h e  r e f r a c t i v i t y  ~ n h o m y e n e i t l ~ q  
r a u s i n g  t h e  s c a t i ~ e l - i n g  attributed t o  t e n p e r a t u r e ,  p r e s s  I r e ,  
a ~ d  w a t e r  vapor v a r i a t i o L 1 s  i n  t h e  a t m ~ s ~ ~ h e r e .  The l i n e a r i t y  
assarnpt ions  a l l o w  :hc l i n k  t o  be ; .ha-a : te r iz~r l  i n  tlern1.i of 
i t s  ( t i m e - v a r y i n g )  p u l s e  r e s p o n s e  g ( r )  and, w i t h  some fur- 
t h e r  v e r y  weak assumpti .ons of  t h e  s c a t t e r i n g  mechanism, t h e  
p r o c e s s  g ( ~ )  can h c  d e s c r i b e d  a s  a s t a t i o n a r y  Gauss i an  p r o -  
c e s s  w i t h  z e r o  mean and s e c o ~ ~ c l - o r d e r  c h a r a c t e r i s t i c  : 

I;{ S(T) 2, Q ~ T )  

where b- d e n o t e s  s t a t i s t i c a l  t :xpectnt ion,  ancl Q i s  d e f i n e d  a s  
t h e  d e l a y  power s p e c t r u ~ i ~  [6]. The f u n c t i o n s  g ( 7 )  and Q ( T ) ,  
which a r e  d e p i c t e d  in F i g .  3 ,  t y p i c a l l y  e x t e n d  o v e r  s e v e r a l  
hundred nanoseconds .  A more complete s t a t i s t i c a l  d e s c r i p -  
t i o n  of t h e  r e c e i v e d  TROPO s i g n a l  can be f o r m u l a t e d ,  b u t  i s  
n o t  r e q u i r e d  h e r e .  

I t  i s  c o n v e n i e n t  t o  i n t r o d u c e  two d i f f e r e n t  t ime s c a l e s  
a s s o c i a t e d  w i t h  t h e  3~1at i t i t l c? ,c  g ancl Q. T y p i c a l l y ,  the 
p u l s e  r e s p o n s e  g ( ~ )  v d r i e i  r a p i d l y  o v e r  a p e r i o d  uf secuncls,  
depending  01-1 wind conc l i t i ons  ., l t n k  yeo tne t rv ,  and f~equency 
of o p e r a t i o n .  A ssccor-iu t iw  v a r i a t i o l l  i s ,  i n  e f f e c t ,  a 
d e v i a t i o n  Irom t h e  s t a t i o n a r i - t y  c o n d i t i o n  normally c l a i m e d .  
L a r g e - s c a l e  m e t e o r o l o g i c a l  i l ~ L l u c n c e s ,  t y p i c a l l y  s e a s o n a l  
o r  d i u r n a l  in n a t u r e ,  g i v e  r i s e  t o  cllanges i n  t h e  shape of 
a v e r a g e  c h a r a c t e r i s t i c s  such as  Q ( T ) ,  A p r e c i s e  t i m e - s c a l e  
d e l i n e a t i o n  of t h e  two mecliiln~ v a r i a t i o n  c l a s s e s  i s  n o t  
p o s s i b l e ,  b u t  f o r  t n e a s u r e ~ ~ ~ ~ n t  purposes t h e  i l~~cl ium i s  t ~ s u a l l y  
cnns ic le red  t o  be s t a t i o n a r a  ove r  n o ~ i i l a l  i n t e r v a l s  01 
20 minutes. 

T i m e  of A r r i v a l  Def i n i t i o l l s  

Even when t h e  t i m e - v a r v i n g  p u l s e  r e s p o n s e  and i t s  
s e c o n d - o r d e r  s t a t i s t i c  Q ( T )  p r o v i d e  an a d e q u a t e  c h a r a c t e r i -  
e a t i o n  of t he  t r o p o s c a t r c r  medium, t h e r e  i s  c l e a r l y  some 
d i f f i c u l t y  i n  d e f i n i n g  time of a r r i v a l  Lor a h y p o t h e t i c a l  
t r a n s m i t t e d  time r e f e r e n c e  p u l s e .  An i n s t a n t a n e o u s  a r r i v a l  
t i m e  p a r a m e t e r  can I3c d e f i n e d ,  f o r  example. i n  terms uf t h e  
r e s p o n s e  l e a d i n g  e d g e ,  e n e r p v  c e i ~ t r o i c l ,  energy median (early/ 
l a t e ) ,  o r  f u n c t i o n  rnaxini~lrn, and  i n  sympathy w i t h  g ( r ) ,  the 
paramete r  w i l l  e x h i b i t  f I u c t u a t i o n ~  of a s h o r t - t e r m  n a t u r e .  
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F u r t h e r m o r e ,  w h i l e  two s i m i l a r  p a t h s  ( e . g . ,  forward  and 
r e t u r n )  might have t h e  same p r o f i l e  Q ( T ) ,  t h e i r  i n s t a n t a -  
neous a r r i v a l  t ime pa ramete r s  c o u l d  b e  q u i t e  d i f f e r e n t .  
F o r t u n a t e l y ,  i n  d i g i t a l  network a p p l i c a t i o n s  one i s  n o r -  
ma l ly  r e l i e v e d  of t h e  p h i l o s o p h i c a l  burden of d e f i n i n g  
t r a n s i t  t i m e  f o r  m u l t i p a t h  t r a n s m i s s i o n s  by t h e  p r e s e n c e  at. 
e v e r y  l i n k  t e r m i n a t i o n  of a b i t  s y n c h r o n i z a t i o n  t r a c k i n g  
loop .  

B i t  s y n c h r o n i z a t i o n  c i r c u i t s  a r e  p rov ided  i n  d i g i t a l  
modems t o  accommodate t h e  t i m i n g  v a r i a t i o n s  caused by t h e  
p ropaga t ion  medium and t h e  t i m i n g  c l o c k  a t  t h e  t r a n s m i t t e r ,  
The f u n c t i o n  of  t h e  sync  c i r c u i t  i s  g e n e r a l l y  t o  slnaoth out: 
s h o r t - t e r m  t i m i n g  j i t t e r  p r e s e n t  on t h e  r e c e i v e d  s i g n a l  s o  
t h a t  o n l y  t h e  long- te rm e f f e c t s  a r e  t r a c k e d .  F o r  t r o p o -  
s c a t t e r  c h a n n e l s ,  j i t t e r  o c c u r s  as a r e s u l t  of t h e  mu1tipat:h 
p r o p a g a t i o n  as w e l l  a s  r e c e i v e r  n o i s e .  The t e c h n i q u e s  used 
v a r y  w i d e l y  b u t  have t h e  common f e a t u r e  of a  c o n t i n u o u s  
c h a n n e l  measurement,  e i t h e r  e x p l i c i t l y  w i t h  t h e  t r a n s m i s s i o n  
of  s e p a r a b l e  p u l s e s  o r  an  imbedded pseudo-noise  p rob ing  s e -  
quence a r ,  i m p l i c i t l y ,  by rrleans of d e c i s i o n - d i r e c t e d  
a d a p t i v e  e q u a l i z a t i o n  p r o c e s s i n g .  The d e r i v e d  b i t  c l o c k ,  
t h e r e f o r e ,  responds  t o  bo th  s h o r t - t e r m  and long- term p a t h  
l e n g t h  changes .  An e q u i v a l e n t  of t h e  TRP s i t u a t i o n  i s  ob- 
t a i n e d  when marked b i t s  i n  t h e  data s t r e a m ,  such as m u l t i -  
p l e x e r  frame p a t t e r n s ,  a r e  used  a s  t i m e - o f - a r r i v a l  events .  

V i r t u a l l y  all t r o p o s c a t t e r  modem b i t  t r a c k i n g  loops  
have t ime c o n s t a n t s  which exceed a few seconds  i n  o r d e r  t o  
smooth, o u t  s h o r t - t e r m  medium-induced t i m i n g  f l u c t u a t i o n s .  

R e c i p r o c i t y  C o n s i d e r a t i o n s  

One of t h e  i m p o r t a n t  fundamenta l  pa ramete r s  f o r  a time 
t r a n s f e r  sys tem i s  t h e  d i f f e r e n t i a l  t r a n s i t  time between t h e  
two nodes ,  s i n c e  any r e s i d u a l  d i f f e r e n c e  d i r e c t l y  c o r r u p t s  
t h e  c l o c k  alignment p rocedure ,  One must s u p p r e s s  t h e  I m -  
media te  d e s i r e  t o  invoke t h e  r e c i p r o c i t y  theorem, so t h a t  
some of  t h e  more s u b t l e  r e c i p r o c i t y  i s s u e s  a r e  a t  least  
examined. F i r s t  c o n s i d e r  t h e  c o n d i t i o n s  under which r e c i -  
p r o c i t y  a p p l i e s  ,- The s i m p l e s t  f o r m  of  L o r e n t z ' s  r e c i p r o c i t y  
theorem [ 7 ]  s t a t e s  t h a t  i n  a l i n e a r  medium, a response of a 
sys tem t o  a s o u r c e  i s  unchanged when t h e  s o u r c e  and measurer  





EXPERIMENTAL RE SUT,TS 

Lin lc  Measurement C o n f i g u r a t i o n  

F i g u r e  4 i n d i c a t e s  t h e  geograph ic  l a y o u t  of t h e  s i t e s  
used i n  t h e  f i e l d  t e s t  program. The LOS l i n k s  were s e t  up 
i n  a c a s c a d e  w i t h  a l o o p  hack from t h e  Ava s i t e  t a  g i v e  a 
t o t a l  p a t h  l e n g t h  of approx imate ly  75 m i l e s .  The Ava and 
S t o c k b r i d g e  s i t e s  were normal ly  u n a t t e n d e d .  T r o p o s c n t t e r  
p r o p a g a t i o n  exper iments  were c a r r i e d  o u t  between Verona and 
Youngstown u s i n g  f r e q u e n c i e s  i n  t h e  v i c i n i t y  of 1 GHz and 
4 G H z .  

The equipment se t  up f o r  t h e  t r o p o s c a t t e r  exper iments  
i s  shown i n  b l o c k  diagram form i n  F i g .  5.  The a tomic  c1ock:s 
shown were c a l i b r a t e d  on a  weekly b a s i s  by means of d i r e c t  
c l o c k  compar isons .  A synchron ized  coded sequence t r a n s -  
m i s s i o n  was i n i t i a t e d  a t  e a c h  end us ing  t h e  1-pps  c l o c k  
o u t p u t s  as a t r i g g e r .  By t i m e - m u l t i p l e x i n g  t h e  a v a i l a b l e  
equipment a t  e a c h  end ,  r o u n d - t r i p  and one-way (Yaungstown- 
Verona) t r a n s m i s s i o n s  were made on an 8- second c y c l e ,  w i t h  
two seconds  a v a i l a b l e  f o r  each  combina t ion .  Time of a r r i v a l  
was e s t a b l i s h e d  by means of c e n t r o i d  c a l c u l a t i o n s  of t h e  
measured d e l a y  power s p e c t r a  ( o b t a i n e d  w i t h  c o r r e l a t i o n  
t e c h n i q u e s ) ,  and one-minute a v e r a g e s  were p r i n t e d  o u t ,  
fo l lowed  by a  cumula t ive  20-minute summary of s i g n a l  l e v e l ,  
f a d e  r a t e ,  d e l a y  power spect rum,  and a r r i v a l  t ime a t  t h e  
end  of t h e  r u n .  

Equipment Delay C h a r a c t e r i s t i c s  

A thorough i n v e s t i g a t i o n  of t r a n s i t  d e l a y  was c a r r i e d  
o u t  f o r  e a c h  p i e c e  of equipment used i n  t h e  e x p e r i m e n t s ,  
i n c l u d i n g  t ransmit l ters/receivers ,  waveguide r u n s ,  modula to r s /  
demodula to r s ,  and d i g i t a l  i n s t r u m e n t a t i o n .  

To e s t a b l i s h  an u n d e r s t a n d i n g  of t h e  t e m p e r a t u r e  s t a -  
b i l i t y  of t h e  more s i g n i f i c a n t  d e l a y  comporlents, combina- 
t i o n s  of r e c e i v e r s  and t r a n s m i t t e r s  were c y c l e d  th rough  a  
r ange  of t e m p e r a t u r e s .  An example of a  d e l a y - t e m p e r a t u r e  
c h a r a c t e r i s t i c  i s  g i v e n  i n  F i g .  6 .  The s p e c i f i e d  tempera-  
t u r e  i s  room t e m p e r a t u r e ,  and t h e  t h r e e  g raphs  show t h e  
d e l a y  for loops  t a k e n  a t  t h e  power a m p l i f i e r  o u t p u t  and 





PA/W LOOP DELAY 

1 . 2 .  

E X / W  - 

0.61 M ~ D ~ ~ ~ ~ ~ ~ \  

0 . 4  

TEMPERATURE (OC) 

F i g u r e  6 MRC-98 Radio Back-to-Back Delay  

F i g u r e  7 TmTS TROPO Modem Tracking Loop J i t t e r  
( 3  ~ b / s ,  4 GHz)  

W C3h KC. 68 
C R Y  N3V 1 77 
T l V t ( Z ) .  22:'i2 

F i g u r e  8 MDTS TROPO Modem Tracking Loop J i t ter  
( 6  ~ b / s ,  1 GHz) 







t r a n s i t  t ime  f o r  rhc  low f r e q u e n c y  t r a n s m i s s i o n s .  On t h e  
o t h e r  hand ,  t h e  one-way C-band d a t a  d e v i a t e s  f rom t h e  c o r -  
r e s p o n d i n g  ~ ~ O - M H Z  d a t a  w i t h  t h e  a p p e a r a n c e  01 a  bias on 
t h e  o r d e r  of 200 ns a s  w e l l  a s  a  l a c k  of c o r r e l a t i o n  between 
f l u c t u a t i o n s .  Looking  beyond t h e  b i d i r e c t i o n a l  asymmetry 
c o n s i d e r a t i o n s .  t h e  t i m e  h i s t o r v  n f  a b s n l  IIFP d ~ l ~ v  ~ r a r i  g+inn 

t r a n s f e r  system pe r fo rmance ,  w h e r e  a F ixed  medium d e l a y  must 
be f a c t o r e d  i n t o  t h e  c l o c k  c o r r e c t i o r l  p rocec lure ,  and  p a t h  
l e n g t h  v a r i a t i o n s  c o n t r i b u t e  d i r e c t  l v  t o  c l n r k  t - r rn rq  Tn 

a d d i t i o n ,  r e q u i r e d  c a p a c i t y  Tor t h e  d a t a  b u f f e r s  shown i n  
F i g .  1 i s  weakly  r e l a t e d  t o  medium d e l a y  v a r i a t i o n ,  b u t ,  as 
can b e  seen, t h e  magni tude  of t h e  f l u c t u a t i o n s  amounts t o  a 
small number of b i t s  a t  t h e  h i ~ h e s t  a n t i c i n a t ~ c l  h i t  rat-P 

Because  of c o n f l i c t i n g  c o o r d i n a t e  d a t a  o r i g i n a l l y  
a v a i l a b l e ,  t h e  RADC s i t e s  werr? su rveyed  i n  J u l y  1 9 7 7  t o  
r e - e s t a b l i s h  g e o m e t r i c  p a t h  l e n g t h s .  A l s o ,  sonle r e f r a c t i v e  
i n d e x  d a t a  i s  a v a i l a b l e  f o r  c o r r e l a t i o n  w i t h  t h e  measured 
p a t h  d e l a y .  A s  a  g u i d e ,  t h e  Col lowing clelay budget  i n d i -  
c a t e s  t h e  r e l a t i v e  impor t ance  of d i f f e r e n t  effects, and 
p r o v i d e s  some i n s  iglltr i n t o  tlhc: meclzanisrns i n d u c i n g  p a t h  
d e l a y  f L u c t u a t i o n s  : 

Great Circle P a t h  2 7 2 6 9 5  f 3 m e t e r s  

Verona-Youngstosn~ 
( I-GHz a n t e n n a s )  

U n c o r r e c t e d  Transit Time 9 0 9 , 6 1 2  ps  
( u s i n g  speed  of l i g h t  i n  
a vacuum) 

C o r r e c t i o n  f o r  Ncf r a c t i v i t y  0 . 2 9 1  bs 
with n = 3 2 0 K  u n i t s  

c o r r e s p o n d i n g  t o  Delay 
Power Spec t rum Average 
r e l a t i v e  t o  t h e  G r e a t  
C i r c l e  P a t h  - 

T o t a l  P a t h  De lay  910 ,053  ps 

Note  t h a t  r e f r a c t i v i t y  v a r i a t i o n s  up to 20 N u n i t s  are 
common a t  t h e  t e s t  s i t e s ,  r e s u l t i n g  i n  c o r r e s p o n d i n g  d e l a y  



v a r i a t i o n s  r a n g i n g  a s  high a s  20 n s .  S i m i l a r l y ,  r e f r a c t i v e  
i n d e x  g r a d i e n t s  can  cause  t h e  p a t h  l e n g t h  t o  v a r y  by a l t e r -  
i ng  the  p r o p a g a t i o n  geometry.  The q u a n t i t a t i v e  a s p e c t s  of 
t h i s  p h y s i c a l  e f f e c t  have y e t  t o  b e  e x p l o r e d .  

~ i n e - o f - S i g h t  Path Delay 

By now i t  s h o u l d  b e  a p p a r e n t  t h a t  LOS l i n k s  have r e l a -  
t i v e l y  mild d e l a y  c h a r a c t e r i s t i c s  when compared w i t h  TROPO 
p a t h s .  Although s e v e r a l  long d a t a  a c q u i s i t i o n  r u n s  were 
c a r r i e d  o u t  on t h e  75-mile T-OS l i n k  c a s c a d e ,  measured t ran-  
s i t  t i m e  w a s  g e n e r a l l y  c o n f i n e d  t o  a + 10-ns  r e g i o n  abou t  a I 
nominal  p a t h .  F i g u r e  L O  shows a port?on of a 4-day run  i n  
which a q u a r t z  c l o c k  was se t  up t o  t r a c k  a master cesium 
s t a n d a r d  a t  t h e  o r i g i n a t i n g  end of the l i n k s .  The t ime con- 
s t a n t  s e l e c t e d  i n  t h e  c l o c k  c o n t r o l  l o o p  was 100 seconds .  
The p l o t t e d  v a r i a b l e  i s  t h e  d i f f e r e n c e  i n  t i m e  between t h e  
m a s t e r  and s l a v e  c l o c k s .  P a t h  l e n g t h  v a r i a t i o n  on a t ime 
s c a l e  of less t h a n  100 seconds  s h o u l d ,  t h e r e f o r e ,  be 
averaged o u t ,  w h i l e  long- term p a t h  v a r i a t i o n s  w i l l  be 
p r e s e n t .  

CONCLUDING REMARKS 

I 
The r e s u l t s  o b t a i n e d  i n  t h i s  e x p e r i m e n t a l  program, 

i n c l u d i n g  t h o s e  p r e s e n t e d  i n  t h i s  paper  as b e i n g  r e p r e s e n -  
t a t i v e ,  must be  used w i t h  some c a u t i o n .  I t  canno t  be 
emphasized t o o  s t r o n g l y  t h a t  t h e  range  of c l i m a t i c  cond i -  
t i o n s  and equipment c o n f i g u r a t i o n s  i n v o l v e d  w a s  q u i t e  
nar row.  However, the  r e s u l t s  t o  d a t e  do o f f e r  quantitative 
d a t a  n o t  p r e v i o u s l y  available t o  t h e  sys tem d e s i g n e r ,  and 
s u g g e s t  d e f i n i t e  & i d e l i n e s  i n  t h e  development of t ime t r a n s -  
fe ; - techniques  t o  - s a t i s f y  the  DCS ne twork r e q u i r e m e n t s .  
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QUESTIONS AND ANSWERS 

- 

M R .  W A L L ,  J c t  Propulsion Laboratory: 

Do high-f lying a i r c r a f t  have any apprec iab le  e f f e c t ?  

DR. ALEXANDER: 

Yes, they c e r t a i n l y  do. When de were a t  the  T r o p o  s i t e ,  we were, 
of  course ,  near an a i r  base  and the  presence o f  a i r c r a f t  can he 
observed by nlonitoring what i s  equiva len t  t o  t h a t  pulse response 
t h a t  I showed. However, we a rc  averaging over 20 rriirl~rtes in some 
of  t h a t  da t a ,  and the  occurrence of the a i r c r a f t  i s  l i k e l y  t o  be 
s h o r t l i v e d .  We thirik i t  i s  an i n s i g n i f i c a n t  e r r o r  i n  our measure- 
rrients, B u t  they a re  p re sen t ,  a n d  they do have q u i t e  an e f f e c t  o n  
w h a t  you observe in the  l a b .  
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