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An o p t i c a l  f i b e r  communica t ions  l i n k  w a s  i n s t a l l e d  f o r  
t h e  p u r p o s e  of e v a l u a t i t l g  t h e  a p p l i c a b i l i t y  of o p t i c a l  
f i b e r  t e c h n o l o g y  t o  t h e  d i s t r i b u t i o l l  of  frecluency and 
t i m i n g  r e f e r e n c e  s i g n a l s .  I t  i n c o r p o r a t e s  a  1.5km 
l e n g t h  of o p t i c a l  f iker c a b l e  c o n t a i n i n g  two multi-mode 
o p t i c a l  f i b e r s .  The two f i b e r s  w e r e  welded t o g e t h e r  
a t  one  end of  the c a b l e  Lo a t t a i n  a p a t h  l e n g t h  of  3km. 

T h i s  pape r  r e p o r t s  p r e l i m i n a r y  measurements  made on 
t h i s  l i n k ,  i n c l u d i n g  A l l a n  V a r i a n c e  and power  spectra l  
d e n s i t y  of  p h a s e  n o i s e .  

INTRODUCTION 

A t h r e e  k i l o m e t e r  s t a b i l i z e d  o p t i c a l  f i b e r  d i s t r i b u t i o n  l i n k  f o r  t h e  
d i s s e m i n a t i o n  o f  u l t r a s t a b l e  r e f e r e n c e  f r e q u e n c i e s  has been  demon- 
s t r a t e d .  The fractional f r e q u e n c y  s t a b i l i t y  ( A f / f )  o f  t h i s  l i n k  a s  a 
f u n c t i o n  of  t h e  sampl ing  i n t e r v a l  ( t a u )  i s  compared t o  t h e  s t a b i l i t y  o f  
a Hydrogen maser  i n  F i g u r e  1. 

The e f f e c t i v e  s t a b i l i t y  and  a c c u r a c y  of  a f r e q u e n c y  a n d / o r  t i m i n g  
s t a n d a r d  is  no b e t t e r  t h a n  the s t a b i l i t y  of  t h e  d i s t r i b u t i o n  sys t em 
t h a t  d e l i v e r s  i t s  o u t p u t  s i g n a l  t o  t h e  u s e r .  T h e r e f o r e  i t  i s  i m p o r t a n t  
t o  improve d i s t r i b u t i o n  sys t ems  s i m u l t a n e o u s l y  w i t h  improvements i n  t h e  
s t a b i l i t y  o f  f r e q u e n c y  and t i m i n g  s t a n d a r d s .  

T h i s  pape r  w i l l  b e g i n  w i t h  a d i s c u s s i o n  o f  t h r e e  b a s i c  s t a b i l i z e d  f r e -  
quency d i s t r i b u t i o n  s y s t e m s  w i t h  v a r i a t i o n s  and a  d e s c r i p t i o n  of  a 
coaxial sys t em t h a t  h a s  been  implemented.  T h i s  will b e  f o l l o w e d  by a n  

*This  pape r  p r e s e n t s  t h e  r e s u l t s  of one  phase  of r e s e a r c h  c a r r i e d  o u t  a t  
t h e  Jet P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  o f  Technology,  
u n d e r  C o n t r a c t  No. NAS7-100, sponso red  by t h e  N a t i o n a l  A e r o n a u t i c s  and 
Space  M m i n i s t r a t  i o n .  



examinat ion of e r r o r  s o u r c e s  encountered i n  t h e  implementat ion of t h e s e  
sys tems.  Then t h e  a p p l i c a b i l i t y  of o p t i c a l  f i b e r  technology t o  f requen-  
c y  and t iming  d i s s e m i n a t i o n  w i l l  be  d i s c u s s e d .  F i n a l l y  t h e  d e t a i l s  of 
t h e  s t a b i l i z e d  o p t i c a l  f i b e r  f requency d i s t r i b u t i o n  system which has been  
implemented, w i l l  be d i s c u s s e d ,  fo l lowed by p o s s i b l e  f u t u r e  improvements. 

Bas ic  Systems 

The t h r e e  b a s i c  k i n d s  of s t a b i l i z e d  f requency d i s t r i b u t i o n  systems of 
t h e  two way t r a n s n l i s s i o n  t y p e  a r e  shown i n  F igure  2 ( a ) ,  (b)  and ( c ) .  

I n  each  of t h e s e  f i g u r e s  t h e  forward and r e t u r n  s i g n a l  p a t h s  a r e  drawn 
s e p a r a t e l y  b u t  i n  p r a c t i c e  t h e  s i g n a l s  a r e  t r a n s m i t t e d  b o t h  ways i n  t.he 
same s i g n a l  p a t h  ( c o a x i a l  c a b l e ,  o p t i c a l  f i b e r ,  e t c . ) .  Th i s  i s  done t o  
a s s u r e  t h a t  t h e  d e l a y  ( T )  p l u s  t h e  change i n  d e l a y  ( A T )  i s  t h e  same i n  
b o t h  d i r e c t i o n s .  The change i n  d e l a y ,  A T ,  i s  caused by t h e  e f f e c t  of 
t empera tu re  v a r i a t i o n s ,  p r e s s u r e  changes and mechanical  d i s t u r b a n c e s  on 
t h e  s i g n a l  pa th .  

I n  t h e  fced-forward system shown i n  F igure  2 ( a ) ,  t h e  phase  d i f f e r e n c e  
between t h e  i n p u t  s i g n a l  and t h e  r e t u r n  s i g n a l  i s  measured. Th is  d i f  - 
f e r e n c e  i s  d i v i d e d  by two and s u b t r a c t e d  from t h e  phase  of t h e  o u t p u t  
s i g n a l .  Th i s  c a n  b e  done i n  a ph2se s h i f t i n g  d e v i c e  i n  s e r i e s  w i t h  the  
o u t p u t  s i g n a l  a s  s h o ~ m  o r  i n  t h e  u s e r s  s o f t w a r e .  

I n  t h e  reed-back system i n  F igure  2 ( b ) ,  t h e  phase d i f f e r e n c e  between 
t h e  i n p u t  s i g n a l  and t h e  r e t u r n  s i g n a l  i s  h e l d  c o n s t a n t  by c o n t r o l l i n g  
t h e  phase  s h i f t e r  such that any change i n  d e l a y  (2A-c) i s  c a n c e l l e d .  

The phase  of t h e  i n p u t  signal.  i s  changed, i n  t h e  c o n j u g a t i o n  system 
shown i n  F igure  2 ( c ) ,  such  t h a t  it  i s  always t h e  c o n j u g a t e  of the re- 
t u r n  s i g n a l  r e l a ~ i v e  t o  t h e  z e r o  phase of t h e  r e f e r e n c e  s i g n a l .  Th i s  
f o r c e s  t h e  o u t p u t  phase  t o  remain a t  z e r o .  

There a r e  f o u r  v a r i a t i o n s  i n  t h e  way t h e  r e t u r n  s i g n a l  i s  genera ted  and 
each of them i s  a p p l i c a b l e  t o  any of t h e  t h r e e  b a s i c  sys tems.  

The f i r s t  way, shown i n  F i g u r e  3 ( a ) ,  i s  t o  t e r m i n a t e  ?IAL t r a n s m i s s i o n  
l i n e  w i t h  a  mismatch a t  t h e  f a r  end so  t h a t  some of t h e  s i g n a l  i s  r e -  
f l e c t e d  back down t h e  l i n e .  

A sys tem w a s  implemented by P. Clements, r e f e r e n c e  1, i n  1974  u s i n g  
t h i s  v a r i a t i o n  w i t h  t h e  feedback system. The phase  s h i f t  was accom- 
p l i s h e d  by changing a i r  p r e s s u r e  i n  an a i r  d i e l e c t r i c  c o a x i a l  c a b l e .  

I n  t h e  second v a r i a t i o n ,  shown i n  F i g u r e  3b,  t h e  t e r m i n a t i n g  impedance 
ar t h e  f a r  end of t h e  l i n e  i s  n o t  o n l y  mismatched t o  t h e  l i n e ,  b u t  i s  
a l s o  v a r i e d  (modulated) s i n u s o i d a l l y  a t  a low frequency.  



' l ' h i s  c a u s e s  t h e  power of  the r e r l c c t e d  s i g n a l  t o  v a r y  w i t h  t h e  inodulaL-- 
i.t:g f r e q u e n c y ,  g e n e r a t i n g  two s i d c h a n d  s or1 t 112 r e t u r n  s i g n a l  r ~ l i i c h  a s  c 
e v e n l y  s p a c e d  a b o u t  t h e  i n p u t  f  requcncly,  T h i s  i s  d o r ! ~  .so the r e t u r r l  
s i g n a l  cal l  b e  s e p a r a t e d ,  wi tl-i CiLtel:';;, f rom the! . i npu t  r e f  e r e n c c  s i g n a l .  
'1 rnorc co111~) l i ca t ed  form o r  d e t e c t o r  i s  r ec ln i r e t l ,  w i t h  tl-,is . ; a r i a t i o n ,  t o  
compare  t l i e  rc t :u rn  s i g r ~ a l  :o t 11;: r e f e r c r > c e .  

T h i s  v a r i a t i o r l  \<as  d e v e l o p e d  LIJ ,\. Rogers, R e f e r e n c e  2 ,  i n  t h e  e a r l y  
1 .970ts ,  and was ascd first i n  t h e  Ct:ed-forward systerr,  ( ~ i g u r e  Z(a) )  and  
la te r  i n  t h e  f eed -back  sysLe:n ( F i g u r ?  2 ( b ) ) .  

'I'IIP- l a s t  two v a r i a t i o n s ,  r-;how~l i n  F i g u r e  3(c) and ( d ) ,  a r e  s i m i l a r  t o  
t l i e  two v a r i a t i o n s  p r e v i o u s l j .  d i s c u s s e d ,  e x c e p t  t h a t  t i l e  s i g n a l s  are r e -  
c e i v e d  a t  t h e  Tar  end o f  t i l e  l i n e  and t h e n  f i l ~ e r c d  and  amp1 i f  id,  acd 
i n  t h e  I:irial  v a r i t l  t ion, rnudui.iited and r e t r a n s ~ . ~ i  t t c d  back  doxrrl t h e  l i r l e .  
T1-1i.s r e s u j  t s  i n  a h i g h c r  s i g n a l  L C  n o i s e  raL.lo a t  'ihe e r r o r  d e t e c t o r  axid 
may i n  sorrle c a s e s  r c s u l  t in  bc t t t i r  s h o r t  ferlr: c ; t t t b i l . . i t ~ ,  01- tile o u t p u t  
s i g n a l .  

A s t a b i l i z e d  microwave d i s i r i b u t i o n  s y s t e x  u s i ~ l g  t h e  moduj.ated i u r r l -  
a r o u n d  r e t u r r r  s i g r l a l  v a r i a t i o n .  w i t 1 1  a c o r l j u g a l i o r ~  s y s t e m  ( ~ i g c r c  2(1:)) 
w a s  cleveloped b y  J. khcConnc l1  anc! R, Syclnor i n  1976-.1977, I i e f e r e n n e  3. 
Two s u c h  l i n k s  were  i n s t a l l . c d  a t  t h e  NASA Deep Space Network ( M N )  Coin- 
p l e x  a t  G o l d s t o n e ,  Ca lk fo rn f i a .  T h e y  we re  conncczitd end t o  cild i n  op- 
p o s i t e  d i r e c t i o n s  so  t h a t  a s i g n a l  c o u l d  be transmitt;- .d o v e r  a  9 k~,m 
d i s t a n c e  by one  l i n k  ant! r e tu rncc i  tu t h e  orig.i.11 u v c r  t i l e  o t h e r  l i n k .  
Tlic r e t u r n  s i g n a l  was: co!:'parcd t o  t l l c  r e f e r e n c c  L o  deter l r l i l le  tllc-. 
s t a b i l i t y .  T h i s  d a t a  i s  silowrl irl T i g u r e  5. 

C o a x i a l  C a b l e  Spstenl 

The rriodulated tu rn-arour ld  v n r i a i . i o n  was u sed  ii-1 a n c g a t i v c  f e e d b a c k  s y s -  
t e m  t l i a t  was iinplenlented by L:he a t ~ t l i o r  i n  1975  ( r t l f e r e r - ~ c e  4). ,ri h1.rjc.k 
d i a g r a m  of t1li .s s y s t e m  i s  shown i n  f i g u r c  4 .  L t  was u s e d  t o  s t a b i l - i z e  
a  300 m e t e r  l cx lg t l i  of c o a x i a l  c n b l c  and  r e d u c e d  a 10 crn l e ~ l g t h  sllailgc 
on  t h e  cable t o  a p p r o x i m a t e l y  2 :nm. 

!I 5 MHz r e f e r e n c e  frequcnc: ;  :gas Cransl! i i f ted t i i l - o t ~ g i ;  LL t l i . rect ior la1.  coup-  
l e r  and  a p h a s e  s h i f t c r  down thc c o a x i a l  c a b l i !  t o  ti12 Tar erid iqllerc i t .  
was r e c e i v e d  and d i v i d e d  by 1 0 0 0 .  '11-~e 5 KXz .r;.isnal. L ~ K  oi t h c  r r c q u e r ~ c y  
d i v i d e r  was u s e d  t o  m o d u l a t e  L11e recc l ivcd  -5 :.;f-lz s i g n ~ i i .  Yl-lc mudu1.at i o n  
r e s u l t e d  i n  a d o u b l e  si .deLand s i ~ p p r e ~ , s e d  c a r r i e r  .-;i;:rlal. t.i-lat was tri . ins- 
m i t t c d  back down t h e  coax i a : l  cable t l i rougl l  t h e  p h r . ~ : e  s h i f  t c r  t.o t h e  d i -  
r e c t i o r i a l  c o u p l e r  whcrc i t  was s e p a r a t e d  from the foridarc! s i g 1 1 ; ~ l  and was 
d i r e c t e d  t o  t h e  d e t e c t o r .  The p l iase  oiT Lhe r e t i l r i l  s i g n a l  was compared ,  
i n  t h e  d e t e c t o r ,  t o  t h e  plmse o f  t h e  r e f e r e n c e  s i g n a l  and  a n  e r r o r  sin- n 

n a l  was g e n e r a t e d  t h a t  c o n t r o l l e d  t h e  p h a s e  s f i i r t e r  t o  reduce t-lle e r r c r  . 



E r r o r  Sources  

One of t h e  most d i f f i c u l t  e r r o r  s o u r c e s  t o  e l i m i n a t e  i s  t h e  l e a k a g e  of 
t h e  i n p u t  s i g n a l  ( r e f e r e n c e )  i n t o  t h e  r e t u r n  s i g n a l  pa th .  T h i s  leakage 
c a n  be due t o  inadequa te  i s o l a t i o n  i n  t h e  d i r e c t i o n a l  c o u p l e r s  o r  from 
t h e  i n p u t  s i g n a l  being r e f l e c t e d  back toward t h e  s o u r c e  by i n t e r m e d i a t e  
r e f l e c t  i o n s  i n  t h e  s i g n a l  p a t h .  T h i s  r e f l e c t i o n  problem is  p a r t i c u l a r l y  
bad i n  a  microwave t r a n s m i s s i o n  system, such  a s  t h e  one p r e v i o u s l y  d i s -  
cussed ,  and makes it n e c e s s a r y  t o  u s e  g a t e d  d e t e c t o r  t e c h n i q u e s  t o  
reduce it. 

I n  t h e  c a s e  of t h e  modulated r e t u r n  s i g n a l  t y p e  of system, inadequa te  
s u p p r e s s i o n  of t h e  c a r r i e r  ( r e f e r e n c e  s i g n a l )  a t  t h e  r e t u r n  p o r t  of t h e  
d e t e c t o r  can be a  s o u r c e  of e r r o r .  

D r i f t  i n  t h e  e r r o r  d e t e c t o r  w i l l  n o t  be reduced.  Any change i n  t h e  one 
way s i g n a l  p a t h  w i l l  o n l y  b e  reduced by a f a c t o r  o f  2 .  E r r o r  d e t e c t o r s  
a r e  g e n e r a l l y  s e n s i t i v e  t o  a m p l i t u d e  changes .  These changes  can  have 
several. c a u s e s  and a r e  most l i k e l y  t o  occur  on t h e  r e t u r n  s i g n a l .  I f  a  
s t a n d i n g  wave e x i s t s  on a  t r a n s m i s s i o n  l i n e ,  f o r  example, s m a l l  changes  
i n  t h e  l e n g t h  of t h e  l i n e  can c a u s e  r e l a t i v e l y  l a r g e  changes  i n  
ampl i tude .  

When t h e  modulated r e t u r n  s i g n a l  t y p e  of system i s  u s e d ,  d i s p e r s i o n  i n  
t h e  t r a n s m i s s i o n  medium, f i l t e r s  or  phase  s h i f t e r  may c a u s e  a n  e r r o r  by 
u p s e t t i n g  t h e  phase  r e l a t i o n s h i p  between t h e  two s idebands  and t h e  
c a r r i e r .  Th i s  e f f e c t  g e t s  worse a s  t h e  s idebands  g e t  f u r t h e r  a p a r t  i n  
f requency  and as t h e  d i s t a n c e  i n c r e a s e s .  

Another problem t h a t  o c c u r s  i n  a modulated r e t u r n  s i g n a l  t y p e  of system 
i s  t h e  problem of e l i m i n a t i n g  t h e  modulat ion f requency  f r o m ' t h e  o u t p u t  
s i g n a l .  

A p p l i c a b i l i t y  of O p t i c a l  F iber  Technology 

S e v e r a l  c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  o p t i c a l  f i b e r s  can  be  used t o  
advan tage  i n  t h e  d i s s e m i n a t i o n  of f requency  and t iming  r e f e r e n c e s .  

The change i n  p r o p a g a t i o n  d e l a y  v e r s u s  t e m p e r a t u r e  i s  approx imate ly  1 0  
p a r t s  p e r  m i l l i o n  p e r  d e g r e e  c e n t i g r a d e .  T h i s  is comparable t o  t h e  
most s t a b l e  c o a x i a l  c a b l e s  which a r e  more expens ive  than  f i b e r  o p t i c  
cable. 

Multi-mode o p t i c a l  f i b e r s  w i t h  1 GHz-km bandwidth a r e  r e a d i l y  a v a i l a b l - e .  
T h i s  i s  much g r e a t e r  than any p r a c t i c a l  c o a x i a l  c a b l e , ?  

A wide bandwidth p r o v i d e s  t h e  c a p a b i l i t y  of d i s s e m i n a t i n g  a wide range  
of f r e q u e n c i e s ,  p o s s i b l y  s e v e r a l  s imul taneous ly  on t h e  same f i b e r .  



Wideband o p t i c a l  f i b e r s  e x h i b i t  low d i s p e r s i o n  o f  1 n s / ' m  o r  lcss.  Re- 
c a u s e  o f  t h i s  t h e r e  is much l e s s  s p r e a d i n g  o f  t i m i n g  p u l s e s  t h a n  i s  
p o s s i b l e  w i t h  c o a x i a l  c a b l e s .  I n  s t a b i l i z e d  f r e q u e n c y  d i s s e m i n a t i o n  
s y s t e m s  u t  i l i z i r ~ g  nlodulated r e t u r n  s i g n a l s ,  t h e  r e l a t i o n s i ~ i p  be tween 
t h e  g e n e r a t e d  s i d e b a ~ i d s  and  t h e  c a r r i e r  i s  a f f e c t e d  much lcss t h a n  i t  
would b e  i n  most  o t h e r  p r o p a g a t i o n  med ia .  

O p t i c a l  f i b e r s  a r e  a v a i l a b l e  w i t h  o p t i c a l  l o s s e s  of  ' 3  dB/knl a t  850 nm 
wave leng th .  A t  1.,300 nm wave leng th  t h e  l o s s  c a n  b e  10.5 d B / h i .  Laser 
d i o d e s  t h a t  o p e r a t e  a t  t h i s  wave leng th  w i l l  soon b e  a v a i l a b l e  a s  w i l l  
d i o d e s  c a p a b l e  of  mucti mclrc o u t p u t  power than t h e  t y p i c a l  1 t c )  5 m i l l i -  
w a t t s  of C . W .  o p t i c a l  power g e n e r a t e d  w i t h  p r e s e n t l y  a v a i l a b l e  d e v i c e s .  

S o l i d  s t a t e  laser d i o d e  t r a n s m i t t e r s  a re  a v a i l a b l e  that h a v e  m o d u l a t i o n  
bandwid ths  g r e a t e r  t h a n  1 G H z ,  and c a n  b e  l i n e a r l y  o r  d i g i t a l l y  modu- 
l a t e d .  R e c e i v e r s  a r e  a v a i l a b l e  w i t h  a bandwid th  from D . C .  t o  3 GHz. 

O p t i c a l  f i b e r s  do  n o t  r a d i a t e  o r  p i c k  up R F I  o r  EML.  T h i s  c a n  be  a  
ma jo r  s o u r c e  o f  n o i s e  i n  o t h e r  p r o p a g a t i o n  mediums. 

E l e c t r i c a l  i s o l a t i o n  c a n  b e  m a i n t a i n e d  be tween a n  o p t i c a l  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 b y  e l i m i n a t i n g  ground l o o p s .  

O p t i c a l  f i b e r  c a b l e s  a r e  s m a l l ,  l i g h t w e i g h t  and c o r r o s i o r l  r e s i s t a n t .  

The i n s t a l l a t i o n  o f  o p t i c a l  f i b e r  c a b l e s  i s  comparab le  t o  c o a x i a l  
cables; d i s c o n t i n u i t i e s  car1 r e a d i l y  b e  l o c a t e d  u s i n g  an o p t i c a l  t i m e  
domain r c f l e c t o m e t e r ;  and t h e y  c a n  be  r e p a i r e d  by w e l d i n g ,  even  i n  a n  
a d v e r s e  f i e l d  env i ronmen t .  R e p a i r s  can be  made w i t h  no more d i f f i c u l t y  
t han  r e p a i r i n g  c o a x i a l  c a b l e s .  

D i r e c t i o n a l  c o u p l e r s  a r e  a v a i l a b l e  w i t h  i s o l a t i o n  g r e a t e r  t h a n  80 dB and 
s i g n a l s  c a n  b e  t r a n s m i t t e d  i n  b o t h  d i r e c t i o n s  i n  a n  o p t i c a l  l i n k  a t  t h e  
s a m e  f r e q u e n c y  w i t h  e x t r e m e l y  h i g h  i s o l a t i o n  between them. 

O p t i c a l  F i b e r  System 

The s u b j e c t  o p t i c a l  f i b e r  l i n k  c o n s i s t s  of  a  conmlercial  o p t i c a l  t r a n s -  
m i t t e r  and r e c e i v e r  and a 1 . 5  km l e n g t h  of two c o n d u c t o r  o p t i c a l  f i b e r  
c a b l e .  

About 1 . 5  mW of o p t i c a l  power i s  e m i t t e d ,  by t h e  o p t i c a l  t r a n s m i t t e r ,  a t  
a w a v e l e n g t h  of  %830 nm. The o u t p u t  c a n  b e  l i n e a r l y  a m p l i t u d e  modula ted  
f rom 20 Hz t o  1 . 2  GHz. 

The m o d u l a t i o n  f r e q u e n c y  r e s p o n s e  of  t h e  r e c e i v e r  i s  from D.C. t o  3 CHz 
and t h e  g a i n  c a n  be  c o n t r o l l e d  o v e r  a 40  dB r a n g e .  



The c a b l e  c o n t a i n s  two o p t i c a l  f i b e r s  of t h e  rnultinlode graded index t y p e  
w i t h  a  bandwidth of 400 MHz-km and 6 dB/km l o s s .  T h e  o u t s i d e  d iamete r  
of t h e  f i b e r s  i s  125 um w i t h  a 62 .5  um c o r c  d i a m e t e r .  

The two f i b e r s  a r e  welded t o g e t h e r  a t  t h e  f a r  end of t h e  c a b l e  t o  a t t a i n  
a round t r i p  s i g n a l  p a t h  l e n g t h  of 3 km. 

A d i r e c t i o n a l  c o u p l e r  Elas been welded t o  each of t h e  f i b e r s  a t  t h e  n e a r  
end. T h i s  p r o v i d e s  a n  i n p u t  and an outpuL f o r  e a c h  f i b e r  t o  which a 
r e c e i v e r  and t r a n s m i t t e r  h a s  been connected.  I n  t h i s  c o n f i g u r a t i o n  
t h e r e  are two s e p a r a t e  l i n k s ,  o p e r a t i n g  i n  o p p o s i t e  d i r e c t  i o n s ,  s h a r i n g  
t h e  same l i b e r .  I f  t h e  o u t p u t  of one  l i n k  i s  c o n ~ i e c t e d  t o  t h e  i n p u t  of 
t h e  second link a p a t h  l c n g t h  of 6 km i s  a t t a i n e d .  The s e p a r a t i o n  
between t h e s e  l i n k s  i s  > G O  dB. There a r e  1 5  welded s p l i c e s  and LWO con- 
n e c t o r s  i n  t h e  f i b e r  i n  t h i s  c o n 1 i g u r a t i o n .  

The i n s t a n t a n e o u s  bandwidtll of  each  3 km l i n k  i s  "Limited by t h e  f i b e r  t o  
1.30 MHz. One way (3 h) s i g n a l  l o s s  i n  t h e  f i b e r  i s  24 dB. The power 
s p e c t r a l  d e n s i t y  of phase  n o i s e  ( r e f e r e n c e  4 )  i s  ~ 1 2 0  dBc i n  a 1 Hz 
bandwidth, 1 0  IIz from a 100 MHz s i g n a l .  

In te rmodula t ion  d i s t o r t i o n  p r o d u c t s  a r e  down more t h a n  40  dBc f o r  two 
s i g n a l s  s e p a r a t e d  by 1 kHz around 25 MHz and w i t h  a  modulat ion d e p t h  of 
70%. 

A s t a b i l i z e d  op t ica l .  f i b e r  f requency  d i s t r i b u t i o n  system cou ld  bc imp'Le- 
mented by merely i n s e r t i n g  a n  o p t i c a l  f i b e r  two way l i n k ,  a s  d e s c r i b e d  
ahovc,  between t l le  ends 01 t h e  s t a b i l - i z e d  c o a x i a l  system shown i n  
f i g u r c  4 .  The r e s u l t  of t h i s  would be t h e  system shown i n  f i g u r e  6.  
However, f o r  most app l . i ca t ions ,  t h e  s imple r  system shown i n  f i g u r e  7 
may be  used.  

Th is  s i m p l i f i c a t i o n  i s  made p o s s i b l e  by t h e  h i g h  d e g r e e  of i s o l a t i o n  
between t h e  forward and r e v e r s e  s i g n a l s  and t h e  r e l a t i v e  freedom from 
r e f l e c t i o n s  i n  t h e  o p t i c a l  p o r t i o n  of tfic system, 

The s t a b i l i z e r  i s  of  t h e  c o n j u g a t i o n  t y p e  u s i n g  t h e  nonrnodulated turn--  
around method t o  g e n e r a t e  t h e  r e t u r n  s i g n a l .  It was breadboarded w i L h  
i n d i v i d u a l l y  packaged b u i l d i n g  b l o c k s  such  a s  arnplif i c r s ,  mixers ,  low 
pass  f i l t e r s  and o p e r a t i o n a l  a m p l i f i e r s ,  and no a t t e m p t  was made t o  
p r o t e c t  them from normal v a r i a t i o n s  i n  room tempera tu re .  

I t  h a s  been determined t h a t  f u r t h e r  improvement i n  t h e  s t a b t l i t y  of  t h e  
d i s t r i b u t i o n  system i s  l i m i t e d  by the  n o i s e  of t h e  o p t i c a l  t r a n s m i t t e r s  
a n d / o r  the  o p t i c a l  r e c e i v e r s  be ing  used .  S i g n i f i c a n t  improvements i n  
t h e  s t a b i l i t y  of t h e s e  d e v i c e s  should be p o s s i b l e .  

I f  t h e  j-nput Lrequency i s  changed by some Af and t h e  r e s u l t a n t  phase 
change A $  a c r o s s  t h c  phase  s h i f  ter i s  c a r e f u l l y  mea:surcd, t h e  a b s o l u t e  



t-ime d e l a y  of  the l i n e  can be d e t c r m i n e u ,  t h u s  e l i m i n a t i n g  t h e  modulo 
u n c c r t a i . n L y .  01lce th is  i s  dorze Lile i r i p u ~  frequcnc:; c a n  bc Cixed and t h e  
phase a c r o s s  t h e  phase s11ifLcr w i l l  be  a p rec i se  indi.c:atiorl 01 Lllc t i m e  
de:Lay down t h e  l i n l c .  The i i n k  c a n  t11211 b e  used t o  tra:lsj:cr v e r y  a c c t . ~ r -  
a t e  t i m i n g  s i g n a l s .  

Se;ieral. ;)roblerrls iv.i ll be ~;~ivcln I:~ni~tiii.iate a t - t e n t  ior:. ef f c r t  n1uF;t b e  
unde r t ake r1  t o  r e d u c e  t'nc. n o i s e  o T t.!ie o p t j c a i  ',rlinsml t t e r s  a n d / o r  re- 
c e i v e r s .  Of e q u a l  im; jor tancc  is t i - ~ c  need t o  bctter ur lders ta r~c l  t h e  p r o b -  

o f  p r apaga t i , , n  de1.a)' v e r s u s  :jcndiilg i n  optical f i b e r s  ( r e f e r e n c e  6). 

Single-mode o p t i c a l  f i b e r s  appca: t_o be b c t t e r  i n  z l ea r ly  e v e r y -  r e s p e c t  
t.0 1nulti.mode optical f i b e r s  For- t h i s  a p p l i c a t i i l r ~ ,  b u t  tile prob1.em o' 
c o u p l - i ~ l g  l i g h t .  i n t o  t ! ~ e  ~ 1 0  ;.lm c o r e  fiiust bit r e s o l v e d .  e f f o r t  i s  
b e i n g  s t a r t e d  i n  il-iis 2rea at- , IPL, /CT ' l .  

Work  rill be  continui-.i i  a n  i t i e  d i .vc luprncnt  of apt.i.ca1 con; ,uncnts  s u c l i  a$: 
an N,I. o p t i c a l  plhase sllil'ter ( r c i e r e t l c c  5 )  whicl i  s ' r i i r r s  t:hc. p h a s e  of 
tlle li. i ? .  n l o d u l a t i u u  on t h e  o p t i c ~ i .  carritirr . T h i s  w i l l  f u r t h e r  s i n ~ p l i i y  
t h e  s t a b i l i z e d  d i s t r i b u t i o n  l i n k .  

The p r e s e r l t  i : a p a ! ~ i l i t y  -is a d e q u a t e  <or mar ly  applications b u t  sevel:al 
, . 

r e f i ~ l e n c r l t s  a r e  nccdlr..d to ai~l?t.!.lc uur g o ~ 1 1  oJ: d i s t r r ~ - l ~ n t i r i ~  1-e.lcrcr.rce 
f r e q u e n c i e s  wit'ri a a t t l b i l t t y  o f  3 p a r t s  i ~ i  1 0 l 0 ,  ,~t ~vcrra2i.11~ t i n l e s  
g r e a t e r  t1)tli-i 1 0 0  sccdncis ,  over :A d i s t a n c e  o f  29 'ri~. i . \ ' i t n o : ~ t  apprecinbl.>- 
d c g r a d  trip tl~c~::. 
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RUN: 62. 2A N = 2 
TSP: 3. 16 T =  TAU 
AL lAN VARIANCE B =  1 Hz 
SIGMA (N, T, B, TAU) fo = 100.0 MHz 

START: 1720: 07-1.3-80 
END: 0710: 07-14-80 
CHANNEL: 1 

I Figure 1 .  Stabilized Optical  Fiber L i n k  Compared t o  a H-Maser 
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OUESTIONS A N D  ANSWERS 

DR.  VICTOR R E I N H A R D T ,  NASA/Goddara 

What a r e  you achieving with the opt ica l  f i b e r s ?  

DR. LUTES: 

We a r e  achieving the  curve shown in t h e  second viewgraph. Why d o n ' t  
we show t h a t  again? 

This curve i s  the  s t a b i l i t y  we a re  achieving a t  the  present 
time. That s t a b i l i t y  i s  l imited r i g h t  now since changes in the  one- 
way signal p a t h  due t o  the  opt ica l  t ransmit ter  and/or rece ivers  a r e  
compensated by a f a c t o r  o f  two. They a re  causing t h e  l i m i t  a t  the 
present  time. 

Iniprovements in t h o s e  devices should improve t h i s  considerably. 

DR. RE I NHARDT : 

What i s  t h a t  about? 

D R .  LUTES: 

This i s  225 seconds sampling i n t e r v a l ,  which i s  a b o u t  four parts in 
16 

I 1015. Down here i s  4,000 seconds, somewhere around a  pa r t  i n  10 . 

I PROFESSOR LESCHIUTTA: 

We have es tabl i shed a more simple system in my labora tory  b u t  we 
are plagued with the  problem o f  r e l i a b i l i t y  of t ransmit t ing  diodes. 
What i s  your experience of the  useful l i f e  of the t ransmit t ing  
diodes? Thank you very much. 

DR.  LUTES: 

We have had no f a i l u r e s  in t ransmit t ing diodes. We had some f a i l u r e s  
in the  rece ivers  which a re  s t a t e -o f - the -a r t  rece ivers  a s  f a r  as  b a n d -  
width goes, probably n o t  a s  f a r  a s  noise goes though. The l a s e r  
diodes a r e  guaranteed f o r  10,000 hours mean time between f a i l u r e .  
They a r e  expected t o  l a s t  much longer than t h a t .  The projected l i f e  
i s  well over 50,000 hours mean time between f a i l u r e s .  



PROFESSOR CARROLL ALLEY, U n i v e r s i t y  o f  Maryland 

Have you had any experience i n  t r a n s m i t t i n g  u l t r a  sho r t  pulses of 
l i g h t  over these o p t i c a l  f i b e r s  fo r  s t r i c t l y  t im ing  comparisons? 

DR. LUTES: 

Yes, we have run  some experiments where we t ransmi t ted  pulses t h a t  
were about 30 picoseconds i n  w id th  over shor t  distances, bu t  n o t  
over t h i s  p a r t i c u l a r  length.  That i s  as sho r t  a  pulse as we can 
reso l  ve w i t h  our rece iver .  

PROFESSOR ALLEY: 

What k ind  o f  spreading d i d  you observe? You mentioned one nano- 
second d ispers ion  over a  k i lometer .  Is  t h a t  an observed q u a n t i t y ?  

DR. LUTES: 

We haven' t  t ransmi t ted  these over a  l i n e  l e n g t h  of t h a t  d is tance so 
we d o n ' t  know. We would expect from the  experience we have t h a t  i t  
i s  somewhere very  c lose  t o  one nanosecond o r  b e t t e r  f o r  a  k i lometer .  
Ac tua l ly ,  f o r  very  long l i n e s  i t  ge t s  b e t t e r  than tha t .  Most o f  the  
d ispers ion  takes p lace i n  the f i r s t  k i lometer .  Then, a f t e r  t h a t ,  i t  
gets somewhat b e t t e r .  

PROFESSOR ALLEY: 

I might  comment fo r  t he  poss ib le  i n t e r e s t  of the  group t h a t  we have 
r e c e n t l y  been t r a n s m i t t i n g  100 picosecond pulses over a  25 k i lometer  
d is tance w i thou t  f i b e r s  us ing  a  m i r r o r  upon the  Washington Cathedral 
and one on a  water tower near Goddard i n  order  t o  compare times be- 
tween the  Goddard Opt ica l  Research s i t e  and the  Naval Observatory. 

We a re  hoping f o r  a 100 picosecond r e s o l u t i o n  i n  t h i s  system 
once i t  i s  completely worked out.  Thank you. 

DR. LUTES: 

Yes, we have done some work i n  t he  area determining how long the  
propagation delay on these l i n e s  are. One way of g e t t i n g  r i d  o f  
t he  module ambiguity i s  t o  change the  frequency s l i g h t l y  and mea- 
sure the  phase. This  we can do very we l l  w i t h  the  measuring tech-  
niques t h a t  have been developed. 

Once we get  r i d  o f  the  module o f  ambiguity, then we can j u s t  
l ook  a t  t he  phase o f  the  e r r o r  and f u r t h e r  reso lve  the  l eng th  of 
t he  l i n e .  We can reso lve  the  l eng th  o f  the  l i n e  i n  t h i s  case t o  
about a picosecond f o r  a  th ree  k i lometer  system. 



DR. BOB COATES, NASA/Goddard 

I am i n t e r e s t e d  i n  t h e  performance o f  o p t i c a l  connectors  i n  such a 
f i b e r  l eng th .  D id  you r  l i n k  have connectors  i n  i t  and what a r e  
t h e i r  s t a b i l i t y ?  

DR. LUTES: 

For t h e  l i n k  t h a t  we showed here, most of t h e  connect ions were welded 
connect ions.  We have 11 welded connect ions and two connectors.  The 
o n l y  p l ace  t h a t  we use connectors  i n  t h i s  l i n k  a re  a t  t h e  r e c e i v e r s .  
The reason t h a t  we can g e t  away w i t h  i t  t h e r e  i s  t h a t  t h e  d e t e c t o r  
area i s  f a i r l y  l a r g e  compared t o  t h e  co re  d iameter  o f  t h e  o p t i c a l  
f i b e r  so t h a t  t h e  a l ignment  i s  n o t  ve r y  c r i t i c a l .  Everywhere e l s e  
we use welded connect ions,  and t h e  average l o s s  (we haven ' t  mea- 
sured t h e  a c t u a l  l o s s  a t  t h e  connectors  because t h e r e  i s  some d i f -  
f i c u l t i e s  i n v o l v e d  i n  do ing  i t  on s h o r t  p ieces  o f  f i b e r )  i s  l e s s  
than h a l f  a dB per  s p l i c e .  

I t  i s  p robab ly  more l i k e  a t e n t h  o f  a dB o r  less .  

DR. TOM CLARK, NASA/Goddard 

You a l l u d e d  t o  i n f o r m a t i o n  on t h e  performance o f  these f i b e r s  under 
bending and t h a t  one i s  our  concern, too,  because many of  t h e  ap- 
p l i c a t i o n s  do r e q u i r e  you t o  be a b l e  t o  bend cables.  Could you 
comment on t h a t ?  

DR. LUTES: 

Wi th  mult i -mode f i b e r s ,  t h e r e  appears t o  be a  problem w i t h  bending 
and t h i s  problem can r e s u l t  i n  t h e  phase p ropaga t ion  i n  t h e  two 
d i r e c t i o n s  on t h e  l i n e  n o t  be ing r e c i p r o c a l .  Therefore,  these 
systems w i l l  n o t  cancel  t h a t  k i n d  of a d i f f e rence .  

We suspect t h i s  i s  n o t  t rue  f o r  s i n g l e  mode f i b e r s ,  a l though  
we haven ' t  a c t u a l l y  made measurements t o  v a l i d a t e  t h i s .  We a r e  
somewhat w o r r i e d  about t h i s  problem, a l so .  

VOICE: 

A t  what f requenc ies?  

DR. LUTES: 

You can see about two degrees a t  100 megahertz f o r  shor t -bending 
rad iuses  o f  t h r e e  o r  f o u r  cen t imete rs .  I t  i s  ve r y  obv ious when 
you do bend t h e  f i b e r ;  i t  i s  more s e n s i t i v e  toward t h e  r e c e i v e r s  



o f  t h e  f i b e r  than  i t  i s  f u r t h e r  away. Th is  i s  because o f  t h e  way 
t h a t  t h i s  e f f e c t  occurs.  It i s  a moding e f f e c t  and once t h e  
moding s t a b i l i z e s ,  t h e  e f f e c t  i s  no l onge r  t h e r e  and t h e  1 i n e  be- 
comes r e c i p r o c a l .  So any bends w i t h i n  one k i l ome te r  f rom t h e  
t r a n s m i t t e r  o f  mult i-mode f i b e r  i s  a problem. 

However, we suspect i t  i s  n o t  w i t h  s i n g l e  mode f i b e r  because 
t h e r e  a r e  no o t h e r  modes t o  add t o  t he  phase o r  s u b t r a c t  from phase. 


