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INTRODUCTION 

D i s t r i b u t i o n  of  s t ab le  f r e q u e n c i e s  o v e r  one-way rac l io  l i n k s  l o n g e r  
tlitln a few l i~~ndret-1 m e t e r s  i s  :lot p o s s i b l e  w i t i l ou t  c l eg rada t ion  o f  t h e  
s o u r c e  s t ab . i . l i t y :  For cxamplc ,  a 50 krrl pat11 h a s  a s t a l r i l i t y  of  about- 
10 - lo  ( r e f e r e n c e  = NRL RPT 7 1 4 0 ) .  T h i s  l i ~ n i t s  t h e  s t a b i l i t y  of  t h e  
s o u r c c  a f t e r  d i s t r i b u t i o l l  t o  10-lo , 1 l n 1 . e ~ ~  some t y p e  of  conlpel lsat ion 
f o r  t l ie  paLt1 crnl b c  p r o v i d e d .  Onc methocl o f  cornpcnsa1:ion i s  t o  u s e  i3 

two-way lirllr that: a l l o w s  measurcrincxlt 01 and c:lrnpcnsatiorl f o r  t l i e  p a t h  
het.ween t h e  s o u r c c  ( M a s ~ c r )  s t a t i o n  and Llic renrol. c (Slave)  s t a t i o n ,  

i n  i l rde r  t o  d - i s  L r i b ~ l t c ~  t i m e ,  t h e  pat]-i d c l a y  hciwcP1-I s t a t i o n s  must  b e  
esl-imaLcd, and tllc time code  o.ilvnnced by t h a t  de1a.y p r i o r  t o  t ral-isrnis- 
s i o n  t o  t h e  renioLe s i t e .  Such a p r o c e s s  c a n  be r e a l i z e d  by t e c h n i q u e s  
s i r i i i l a r  t o  t h o s c  b c i n g  cnlploycd i11 t l i c  . f rcqucncy d i s t r i b u t i o n .  s y s t e m .  

B A S I C  SYSTEM CONCEPT 

The b a s i c  concep t  of  t h c  f r e q u e n c y  d j  s t r i l - j u t  i o n  s y s t e m  i s  shown i - 1 1  

F i g .  1. A f r e q u e n c y  ~ll/&~ i s  t-ransrnitl-ed from t h e  maser si t e  t-o t h e  
r emote  s i t e .  Af'tcr cnc .oun te r ing  a clelay o f  T ,  t h e  p h a s e  of  t h e  r e c e i v e t l  
s ignal .  i s  rd1__0, t l i e  r e f e r e n c e  f r e q u e n c y  t o  b e  d i s t r i b u t e d ,  a t  t.he ref- 
c r c n c c  p h a s e  i~rip, lc .  'I'liis s i g n a l  i s  t h e n  retl.1rne.d t o  t h e  master s t a t  i n n ,  
whcrc t l ic  pl iase i s  Ey f o r c i n g  t h e  t r a n s m i t t e d  s i g n a l  t o  l e n d  - 
tl-ie r e I e r e n c c  p h a s e  b y  L1-lc same amounC Lhat cllc r c c c i v c d  s i g n a l  l a g s  
t h e  r e f c r c n c c .  pll:.~sc, c o r r c c . t i o n  f o r  p e r t u r b a t i o r l s  i n  t h e  p a t h  c.an 
bc e f f e c t e d .  'I 'his whole. sys t em is  p r e d i c a t e d  on  r e c i p r o c i t y  of  t h e  
p a t h .  I f  T is  d i L r e r e n t  f o r  t11c two directions, i t  w i l l  b e  i m p o s s i b l e  
t o  o b t a i n  p r o p e r  c o r r e c t i o n .  Any equi.pment L11nL is  c-ommon t o  b o t h  
t r a t l s m i t  ant1 r e c e i v e  f u n c t i o n s  ( c o a x ,  wavc};uidcl, a n t  c n n a s ,  c t c )  w i l l  
be c o n s i d e r e d  p a r t  o. l  t i le  p a t h  and wi.l.1 be c o r r e c t e d ,  Any phase  s h i f t s  
t h a t  a r e  1 ~ 7 t  r e c i  p r ~ ) c a l  wil.1. a p p e a r  d i r e c t l y  a t  t l i e  o u t p l ~ t  of  t h e  
remote  s i t e .  

Tlie c i r c u i t  i n  F i g .  1 shows c o n c e p t u a l l y  t h e  operation of a self- 
c o r r e c t i n g  f r e q u e n c y  d i s t r i b u t i o n  s y s t a n .  There  a r e ,  however ,  a h o s t  
of  problenis w i t h  t l i ~  d e s i g n  as shown. P r o l ~ a b l  y t h e  most  obv ious  
c1iFficul.ty i s  t h a t  bot11 s t a t i o n s  a r c  s i r n ~ ~ l t a n c o u s l y  t ransr r l i t , t i l lg  and 
r e c e i v i n g  t h e  same frc?qucncy. T h c r c  a r c  two s i tnp le  so lu l l ior l s  t o  t h i s  
p rob le~ i l :  havc cacl:; s t r ~ t i n n  ( ~ a s ~ e r  and S l  nve)  t-rnrlsnlit  x t  a d i f f e r e n t  
f req~ie l - rcy ,  o r  a.Ltern:ttely t r a n s m i t  and re(-cjvc.  enc.11 st:-iticnn. 1111- 

L c r t u n a t c l y  n e i t h e r  oK t l l c s e  s 0 1 . u t i o n ~  is ;I p e r f e c t  s o l u t i o n .  I f  
wide:Ly d i f f  c r i n j i  1rcclucnckc.s a r e  cmploycti  t h e  c l  i spe r - s ive  e f f e c t s  01' t l l c  
m e c l i  i.lm c a u s e  t lle pat11 t o  bt.corr~c xlcxl-rcr:iprcncaI , viola t  ir-lg o n e  o f  t h e  
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a r t i f a c t s  of t h e  p a t h  p r e s e n t  i n  t h e  o u t p u t .  ' l ' l~ese r e s i d u a l  c o n t r i -  
b u t i o n s  of t h e  p a t h  w i l l  be  reduced over  tlle uncornpeilsated amount by 
some c o n s t a n t  f a c t o r .  I f  t h e  amount of c o r r e c t i o n  cou ld  b c  made 
suf  f i c i e r l t l y  l a r g e ,  t h e  c o n t r i b u t i o n  of t h c  p a t h  wou Ld be s u 1 f i . c i e n t l y  
s m a l l  as t o  bc masked by t h e  s t a b i l i t y  of t h e  s t a n d a r d  be ing  d i s t r i -  
b u t e d .  The. d e r i v a t i o n  of a  c o r r e c t i o n  f a c t o r  f o r  such an "approximate" 
sys tem i s  p r e s e n t e d  i n  F ig .  3 .  I f  K can h c  made l a r g e ,  v e r y  l a r g e  
c o r r e c t i o n  f a c t o r s  can bc o b t a i n e d .  K is  dcfi.tled ( F i g .  3 )  t o  b e  

) o r  t h c  f requency of t h e  nias tcr  s t a t i o n  d i v i d e d  
mas ter ' (Fs lave-FMaster  

by t h c  d i f  f e r e n c c  i n  f requency between t h e  m a s t e r  and s l a v e  s t a t i o n s .  
In [.he f i r s p  J P L  sys tem ~=8100/ .1=81000 ,  y i e l d i n g  a c o r r e c t i o n  f a c t o r  
of 1 . 6  X 10'. 1.t was mentioned e a r l i e r  t h a t  the. i n t r i n s i c  p a t h  
s t a b i l i t y  i s  approximately  10-~.~. Ry employing such  an "approximate 

1 6  system" t h e  p a t h  s t a b i l i t y  is  improved t o  approximately  6 X 10- : 
which i s  s u f f i c i e n t  f o r  f requency s t a n d a r d s  p r e s e n t l y  a v a i l a b l e .  I f  $, 

i n  t h e  f u t u r e ,  i t  becomes n e c e s s a r y  t o  improve system performance t he  
s y n t h e s i z e r  cou ld  be added wi thou t  d i s t u r b i n g  t h e  r e s t  of tht. systcni..  

JPL FREQUENCY DISTRIBUTION SYSTEM 

The f i r s t  d i s t r i b u t i o n  systems b e i n g  c o n s t r u c t e d  a t  JPL a r e  approximate  
sys tems.  There  were  two r e a s o n s  f o r  t h i s  d e c i s i o n .  l'he f i r s t  w a s  
mentioned above: s u f f i c i e n t  performance cou ld  bc o b t a i n e d  w i t h  t h e  
approximate system.  l 'he sccor-ld r e a s o n  i s  t h a t  i t  i s  questionab1.e i f  
t h e  hardware i n  the  l i n k  i t s e l . £  could  be  made s z l f f i c i e n t l y  stab1.e t o  
observe  t h e  added perfortnance t h a t  would be p r e d i c t e d  by employi-ng t h e  
s y n t h e s i z e r .  

Upon complet ion of t h e  f i r s t  system,  two s e t s  of l a b  t c s t s  were r u n .  
The t e s t  c o n f i g u r a t i o n s  a r c  shown i n  F i g s .  4a and 4b. F i g .  4a  sl-lows 
t h e  mcthod used t o  measure t h e  s t a b i l i t y  of t h e  sys tem w i t h  no 

IFath c o n t r i b u t i o n s .  Th is  s t a b i l i t y  was found t o  be  about  2 .3  X l o - -  . 
This  i s  rca1l.y a  v e r y  good s t a b i l i t y  when one c o n s i d e r s  t h e  l a r g e  
amount of h.ardwarc p r e s e n t  i n  such  a  sys tem.  F i g .  4b shows t h e  s c t u p  
used t o  measure t h e  c o r r e c t i o n  f a c t o r .  We were a b l e  t o  r e s o l v e  
c o r r e c t i o n  f a c t o r s  of 105 wj t11 t h e  s c t u p  shown i n  F i g .  4b. With t h i s  
s e t u p  we were n o t  n b l c  t o  mcasure t h e  r o r r e c t i o r l  f a c t o r  of  t h e  l i n k ,  

w h i r l 1  i m p l i e s  i L  i.s proha111 y n e a r  i t s  t h e o r e t i c i j l  v a l u e .  

The f i r s t  l i n k  h a s  been moved t o  Goldstone f o r  prc l i .minary t e s t i n g  
w i t h  a  r e a l  p a t h .  A t  t h i s  p o i n t ,  we have no a c t u a l  perfornlance d a t a .  
T h e  t e s t s  wc have r u n  seem t o  i n d i c a t e  t h c  l i n k  i s  func t ion i .ng :  
a l though  i t s  a c t u a l  performance cannot  be  v e r i f i e d  u n t i l  t h e  secorld 
l i n k  i s  installed. 17ig. 4c s l~ows t h e  t e s t  t h a t  w i l l  be r u n  oncc two 
d i s t r i b u t i o n  s y s t e n s  a r c  a v a i l a b l e .  With t h i s  s e t u p  a s igna l .  i s  
d i . s t r i ' b u t e d  t o  t h c  remote s i g h t  by t h e  f i r s t  3 i n k .  A second link 
t h e n  d i s t r i b u t e s  t h e  o u t p u t  of t h e  f i r s t  l i n k  baclc t o  i t s  o r i g i n .  Th is  
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al.lows d i r e c t  c:onipi.irison 01 t h e  i n p u t  s i g n a l  t o  itse.1.f a f t e r  i)n.ssiilg 
t h r o u g h  two s e t s  of distribution :;ysteiils. Iesi ' inf ;  i .n  Lllis mar1l:icr r e -  
moves ui lcctr ta l- l t ics  tliaL a r c  p r c s c n t  i f  one - l i n k  anrl two 11-masc:rs a r c  
employed f o r  t t s i i n g .  

S e l i  c o r r e c t i n g  111icrowavc 1.irlks apI3ear t o  b e  vic3blc s o i u t i o ~ l  to the. 
pri~bli-111 o f  p r o v i d i n g  m1.1l.ti;Yl c ~ ~ i c l & l ; -  s e p i ~ r a t e r i  lc lci l t i  o:is i i l i ! l ~  ; t a b l e  
f i -e .quenc ics  . E c s i d c s  bi'iiig l i > ~ \ r ~ '  i l l  r a s t  t1-1,'ili i n d i  v i d u a l .  iiigli ; > C ~ ~ [ . ) I - I : I - -  

RIIC.C i rccluel lcy s tarldard:;, ~ l l c l ;  p r o v i , i e  e:.,sent.i;ll !, Liic simc f rc.qucnry 
:~t each  s t a t i o n ,  e l i i n i n a t  i n g  tl lc f rcqucni :y ni't '~c+t.s til:! L a rc .  iric2vitahl y 
p w s e n t  w h e n  sepa ra te .  I recjuenc)  sour,:cs a r c  emploved .  Oilc rcc lu i rcment  
f o r  the sarnc. r c i c r c n c c  f r cqucnc j -  ;.it mu l t i . p l  e s i t e s  i s  v11cn d i f  l i e r e n t i a l  
V L Z I  tet:l l l l iques a re  t o  b e  usecl Tor p r e c i s i o n  al-ig.le m c a s ~ l r e m e n t  oT 
spacecraft, c . g . ,  w i t h  r e s p e c t  t o  t h e  f i x e d  s t a r s .  

LII t h e  I u t u r c  i t  i s  planllcri  t o  c l i s t r i b u t e  t ime  by s u i L a b l y  rnod~ll a t i  ng 
the t r ans rn i l  L c r s  wit11 a t i m e !  cade :..incl i lsi  ng s i rn i . l a r  ;)aLli (:ornpcns:-it i o n  
techl-licjues t o  t h o s e  c1np1oyi.d i n  tihc frcciuenc)-  c!.is ! r i  bu i i u l i  s y s t e m .  
Once t h e  clocicr-; a r e  i n  s : :~~ci j ror i lzaLiol l  t i ley si iot l l ( - !  rri'rria.iii S O ,  5 : i ; i c ~  t l l c  
same f r c q i ~ e n c y  i.s ;-ivailnblt-. a L ~ c i c l i  s i L c .  
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QUESTIONS AND ANSWERS 

MR. DANE C U R K E N D A L L ,  J e t  Propuls ion Laboratory:  

How i s  i t  working? 

MR. MACCONN ELL : 

Like I s a i d ,  we h a v e n ' t  beer1 a b l e  t o  tileasirre i t  dyd in s t  t h e  maser.  
We measured i t  looking a t  t r lc r e t u r n  s i gna l  froti) t he  o t h e r  s t a t i o n ,  
and wu could see t h e  path  on i t  a n d  s ee  i t  c o r r e c t i n g .  I t  looks 
l i k e  i t  i s  working okay. B u t  u n t i l  we a c t u a l l y  do a round t r i p  
w i t h  a p a i r  of  s t a t i o n s  o r  g e t  a p a i r  of niasers,  we c a n ' t  be p o s i t i v e  
i t  works, a l though I r e a l l y  d o n ' t  s e e  any reason i t  s h o u l d n ' t .  

DR. V I C T O R  REINHARDT, NASA Goddard S p a ~ e  F l i g h t  Cente r :  

You l lentioned you go t  about 2.5 p a r t s  i n  1015. Over what averag ing  
t ime was t h a t ?  

MR. MACCONNELL : 

One hundred scconds.  I th ink  w e ' l l  f i n d  i t ' s  going t o  be f a i r l y  
whi te  no i se .  I t h i nk  t h a t  we w i l l  be a b l e  t o  improve upon t h a t  
a f t e r  we ge t  a  chance t o  work with  i t .  This  is r e a l l y  t h e  f i r s t  
p ro to type  system,  and we have sonle ideas  about  w h a t ' s  causing t h a t  
and rnay be a b l e  t o  irr~prove i t  t h r e e  o r  f ou r  t imes .  

DR. R E I N H A R D T :  

Did you look a t  t h e  phase s t a b i l i t y  at: longer  i n t e r v a l s  f o r  d iu rna l  
s h i f t s ?  

MR. MACCONNELL: 

We ran some phase measurel~lents on t h e  t h i n g  s i t t i n g  i n  t h e  l a b  
wi th  t h e  a i r  cond i t i on ing  going u p  and down, and we could s ee  maybe 
two  o r  t h r e e  degrees  peak-to-peak phasc d r i f t  a t  X-band.  For a  
c l ock .  I th ink  t h i s  would be r e a l l y  a nice systerri because you could 
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take two clocks and sync them u p  -- two o r  three degrees a t  X-band 
doesn ' t  correspond with very many nanoseco~ds  o f f s e t  between c locks .  

DR. RE I NHAKDT : 

That one o r  two degrees a t  X-band i s  l e s s  than a picosecond, which i s  
considerably l e s s  than a nanosecond. 

M R .  RONALD WEIMER, National Radio Astronomy Observatory: 

You've mentioned t r a n s f e r r i n g  t ime,  and I was j u s t  wondering i f  
you have done anything l i k e  t h a t ?  

MR. MACCONNELL:  

A t  t h i s  po in t ,  we haven' t  b u i l t  a system f o r  con t ro l l i ng  the  time. 
However, we have some ideas about how we a r e  going t o  do i t .  I  
th ink  we can do i t  by c o n t r o l l i n g  the  on and o f f  pulsing of the  
t r a n s m i t t e r s  and r ece ive r s .  The system wi l l  have a loop around i t  
s i m i l a r  t o  the  frequency control  loop t o  take  out  t he  path delay.  
Also, because we have such good r e so lu t ion  of t he  X-band phase, 
we ' l l  be using t h a t  somewhat too. 

M R .  WEIMER: 

How do you cu r ren t ly  control  t he  turning on and turning of f  of 
t hese  things? 

M R .  MACCONNELL: 

We have a small frequency syn thes i ze r  t h a t  i s  just con t ro l l i ng  the  
ga tes  on the t r a n s m i t t e r  and rece iver .  We r u n  a t  about 150 kHz f o r  
t h e  on-off r a t i o .  We have another  synthes izer  a t  the  s l ave  s t a t i o n .  
We have a system t h a t  has ten phase-lock loops,  which a r e  a l l  au to  
acqui re .  Before i t  tu rns  on the  l a s t  t r a n s m i t t e r ,  i t  l i n e s  u p  the  
phase of t he  syn thes i ze r  with t h e  phase of t he  incoming bur s t  o f  
r f .  When i t  gets l i ned  up, i t  switches over and turns  on i t s  
t r a n s m i t t e r .  Then i t  i s  running purely open loop a t  t h a t  po in t .  
Both synthes izers  a r e  locked t o  the  same reference ,  so  the re  i s  n o  
problem the re .  

On the  burs t  of r f :  Actua l ly ,  both t r ans in i t t e r s  t ransmi t  a t  t he  
same time, b u t  there  i s  a delay before the  burs t  of r f  t h a t  i t  
t ransmi ts  ge ts  t o  the  second s t a t i o n .  So we s e t  i t  u p  so we have 
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p a t h .  
rece-i 

t o y e r  nur!ibei- o f l ~ - l d l  f :.:;/cles c f  -the swi t c n i n y  z r r a y  j i-. tLl~ 
. , . , 

I ' l ~o  frec;ucnc,), -coat; nlr- chosc  r,o s w i t c h  t l l~  ~ r a n ~ ~ i l j . ~ : e p  arid 
vt?rs i ln  a r ' i  of i '  I., a f; iricticn 9 f  t h e  ~ a t i i  l eng th .  Wc decided 

to choose 150 kHz k e c a ~ i s e  :.;e war l ted  a -freqiie!lc,y h i g h e r  "L,ln ;qCi ki iz  
5~ s ideba r id s  d u e  t ( j  ti-ii_. s\ii t c h i 1 1 9  ;qou!drl' t 1 liy :rr, t o p  o f  -ti!? o t h e r  
s t a t i o r i .  




