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ABSTRACT 

We r e p o r t  a compar ison o f  t h e  d e t e r m i n a t i o n  o f  t h e  
f requency  d i f f e r e n c e  between ren io te l y  s i t e d  f r e q u e n c y  
s t a n d a r d s  by: (a)  t h e  t e c h n i q u e  o f  l o n g  b a s e l i n e  
i n t e r f e r o m e t r y  (b )  t h e  use o f  Loran-C/Time S e r v i c e  
t r a n s m i s s i o n s .  I n  t h e  l o n g  base1 i n e  i n t e r f e r o n e t e r  
t e c h n i q u e  t h e  f requency  d i f f e r e n c e  between t h e  l o c a l  
o s c i l l a t o r s  a t  each antenna s i t e  was rnodel l e d  as a  
p o l y n o m i a l  i n  t i m e  i ~ h o s e  c o e f f i c i e n t s  were e s t i m a t e d  
f rom t h e  i n t e r f e r o m e t e r  f r i n g e  f r e q u e n c i e s  s i m u l t a n e o u s l y  
w i t h  o t h e r  parameters  o f  t h e  i n t e r f e r o m e t e r .  

The agreement between t h e  two t e c h n i q u e s  ranged f r o m  
5 p a r t s  i n  1013 r.rn.5. f o r  a 5 day c o n t i n u o u s  i n t e r v a l  i n  
March 1973 t o  6 p a r t s  i n  1012 r . m . 5 .  f o r  a 2 day c o n t i n u o u s  
i n t e r v a l  i n  June 1973. A number o f  e x p e r i m e n t a l  
d i f f i c u l t i e s  degraded t h e  r e s u l t s  o f  t h e  June 1973 
expe r imen t  and t h e  fo rmer  f i g u r e  o f  5 p a r t s  i n  1 0 ' 3  i s  
rega rded  as b e i n g  r e p r e s e n t a t i v e  o f  t h e  expec ted  
agreement between t h e  two techn iques .  

I l NTRODUCT l ON 

We r e p o r t  t h e  r e s u l t s  o f  some r e l a t i v e  c l o c k  r a t e  measuremevts 
accompl ished by remote compar ison u s i n g  t h e  t e c h n i q u e  o f  l o n g  b a s e l i n e  
i n t e r f e r o m e t r y  (L B I  . The i n t e r f e r o m e t e r  was made up o f  t h e  25 m. 
antenna a t  C h i l b o l t o n ,  England now known as  t h e  C h i l b o l t o n  O b s e r v a t o r y  
( C  R 0 ) o p e r a t e d  by t h e  Appl e t o n  L a b o r a t o r y  f a c i  1 i t y  o f  t h e  U. K. 
Sc ience Research Counc.i l ,  and t h e  46 m. an tenna o f  t h e  A l g o n q u i n  Rad io  
Observa to ry  ( A R D )  a t  A l g o n q u i n  Park ,  O n t a r i o ,  Canada o p e r a t e d  by  t h e  
N a t i o n a l  Research Counc i l  o f  Canada. -The i n t e r f e r o m e t e r  w h i c h  has a 
base1 i n e  of 5265 km. was o p e r a t e d  a t  10,680 MHz (2 .8  crn. w a v e l e n g t h ) .  
The antenna s i t e s  were equ ipped w i t h  c o o l e d  p a r a m e t r i c  a m p l i f i e r s ,  
l o c a l  o s c i l l a t o r s  phase l ocked  t o  H e w l e t t  Packard  H-1OA a t o m i c  hydrogen 
masers, and I V C  800 s e r i e s  v i d e o  t a p e  r e c o r d e r s  r e c o r d i n g  an I F  band- 
w i d t h  o f  abou t  5 MHz on s t s n d a r d  one i n c h  w i d e  v i d e o  tape .  

The t h r e e  expe r imen ts  i n  March, May and June o f  1973 were  o r i g i n a l l y  
i n tended  o n i y  t o  r e v e a l  t h e  s t r u c t u r e  o f  a number o f  e x t r a  g a l a c t i c  
r a d i o  sources  ( ~ e ~ ~  e t  a1 ., 1973; Legg e t  a 1 ., 1977) .  However t h e  



s t r u c t u r e  and o p e r a t i o n  o f  t h e  in te r fe ro rnc te r  were o f  a  s u f f i c i e n t l y  
h i g h  qua1 i t y  t h a t  t he  i n t e r f e rome te r  ou tpu t ,  p a r t i c u l a r l y  t h e  f r i n g e  
f requenc ies,  h e l d  t he  p o t e n t i a l  o f  y i e l d i n g  use fu l  geode t i c  and a s t r o -  
m e t r i c  r e s u l t s  as w e l l  (Cannon e t  a l . ,  1977). 

The model used i n  t h e  geode t i c  and astrornetr- ic a n a l y s i s  o f  t h e  LBI 
f r i n g e  f requenc ies  inc luded  a  po lynomia l  i n  t ime  rep resen t i ng  t h e  
r e l a t i v e  f requency o f f s e t  o f  t he  two o n - s i t e  l o c a l  o s c i l l a t o r s  , t h e  
c o e f f i c i e n t s  o f  which were t o  be es t imated  s i n ~ u l t a n e o u s l y  w i t h  t h e  
geode t i c  and a s t r o n c t r i c  parameters. I n  t he  r e s u l t s  o f  t h e  L B I  parameter 
e s t i m a t i o n  procedure t he  c o e f f i c i e n t s  of  t h e  l o c a l  o s c i l l a t o r  po lynomia l  
were c o r r e l a t e d  ( i n  c e r t a i n  cases w i t h  c o r r e l a t i o n  c o e f f i c i e n t s  i n  excess 
of  0.30)  w i t h  t h e  s o l u t i o n s  f o r  the  o t h e r  parameters o f  t h e  model. I n  
o rde r  t o  assess t h e  s i g n i f i c a n c e  o f  these c o r r e l a t i o n s  and t o  t e s t  t he  
r e l i a b i l i t y  o f  t he  LBI geode t i c  and a s t r o m e t r i c  s o l u t i o n s  i t  was 
decided t o  a t tempt  an independent es t imate ,  us ing  Loran-C t ransmiss ions ,  
of t h e  l o c a l  o s c i l l ~ t o r  f requency o f f s e t  f o r  comparison w i t h  t h e  LBI 
s o l u t i o n .  

The data necessary t o  make such a  coniparison wereavai  l a b l e  f rom t h e  
s t a t i o n  logs  f o r  t h e  March and June exper iments.  For t h e  most p a r t  t h i s  
data cons i s t ed  o f  a record  a t  each s i t e ,  ma in ta ined  throughout  t h e  
exper iment,  o f  t h e  d r i f t  o f  t h e  " s t a t i o n  c lock"  ( d r i v e n  by t h e  hydrogen 
maser i n  each case )  r e l a t i v e  t o  t h e  t ime o f  a r r i v a l  o f  a g i v e n  Loran-C 
pu lse.  The " D a i l y  Phase Values" pub l i shed  i n  USNO Time Se rv i ce  P u b l i -  
c a t i o n  Ser ies  4 would a l l o w  a  de te rm ina t i on  o f  t he  r e l a t i v e  d r i f t  o f  t h e  
two Loran-C pu lses  and thus a  de te rm ina t i on  o f  t he  r e l a t i v e  d r i f t  o f  t h e  
two " s t a t  i on  c locks" .  

A schematic diagram d e p i c t i n g  t h a t  p o r t i o n  o f  t h e  exper imenta l  ar range-  
ment r e l e v a n t  t o  t h i s  s tudy  i s  shown i n  FIGURE 1 .  The f requency 
s tandard f o r  t h e  " s t a t i o n  c l ock "  a t  ARO i s  a  hydrogen maser H.P.-1OA 
Ser. 9 m a i n t a i n i n g  a  t ime  s c a l e  des ignated UTC[ARO-~91  w h i l e  a t  CRO t h e  
frequency s tandard f o r  t he  " s t a t i o n  c l o c k "  i s  a hydrogen maser H.P.-1OA 
Ser. 1 1  m a i n t a i n i n g  a  t ime  s c a l e  des ignated UTC[CRO-H I ] ] .  The Loran-C 
pu lses rece ived  a t  ARO and CRO d u r i n g  these exper iments  were e m i t t e d  
from the  Nantucket s l a v e  s t a t i o n  (des ignated 9930Y) o f  t h e  U.S .  East 
Coast cha in  and f r om the  S y l t  s l a v e  s t a t i o n  (des igna ted  7970W) of t h e  
Norwegian Sea cha in  r e s p e c t i v e l y .  The r e c e p t i o n  o f  t h e  Loran-C pu lses  
a t  ARO and C R O  i s  used t o  m a t e r i a l i z e  a t ime  s c a l e  des ignated UTC 
Loran-C [ARO 3930Yl and UTC Loran-C [ C R O  7970W] r e s p e c t i v e l y .  

The c o r r e l a t o r  f o r  t h e  i n t e r f e r o m e t e r  used i n  these exper iments  was an 
analogue dev ice  f o r  which t h e  amp l i t ude  o f  a ze ro  f requency f r i n g e  
becomes inde te rmina te .  The i n t e r f e r o m e t e r  was a l s o  o p e r a t i n g  i n  a 
double  s i d e  band mode which, w h i l e  i nc reas ing  t h e  s i g n a l - t o - n o i s e  r a t i o  
o f  t he  c o r r e l a t i o n  f u n c t i o n  has t h e  d isadvantage o f  be ing  unable  t o  
d i s t i n g u i s h  p o s i t i v e  and n e g a t i v e  f r i n g e  f requenc ies .  I n  an e f f o r t  
t o  avo id  exper imenta l  d i f f i c u l t i e s  a r i s i n g  as a r e s u l t  o f  these two 
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F I G U R E  1 .  Schenlat ic of exper imen ta l  a r rangement  for  
compar ing  L B I  l o c a l  o s c i l l a t o r s .  

f a c t a r s  i t  was dec ided  t o  d e l i b e r a t e l y  o f f s e t  t h e  l o c a l  o s c i l l a t o r  a t  
ARO from t h e  l o c a l  o s c i l l a t o r  a t  CRO b y  a f i x e d  frequency i nc remen t .  
T h i s  "nominal  l o c a  1 osc  i 1 l a  t o r  o f f  s e t "  was 3 0 0  mHz i n t h e  March 1973 
exper inient and 500 niHz i n  the  June 1973 expe r imen t .  

1 1  MARCH 1973 EXPERIMENTAL RESULTS 

The a n a l y s i s  o f  t h e  e x p e r i m e n t a l  d a t a  for  March 1973 proceeded a s  
f o l  lows. 

D e f i n i n g  ~ ~ ~ ~ ( t )  as  

T~~~ ( t )  = UTC [ARO H91 - UTC Loran-C [ARO 9930Y] 

and ~ ~ ~ ~ ( t )  a s  

T C RO ( t )  = U T C [ C R O  ~ 1 1 1  - UTC L o r a n - ~ [ ~ ~ O - 7 9 7 0 ~ ]  

and d e f i n i n g  T 
9 9 3 0 ' ~ )  a s  

r ( t )  = UTC[USNO-M.C .  1 - UTC  oran an-c 99301 
9 9 3 0  



and r 7 9 7 0 ( t )  as 

'7970 
( t )  = UTC[USNO M . C . ]  - uTc[LORAN-c 79701 ( 4 )  

then t h e  d r i f t  o f  t h e  s t a t i o n  c locks  r e l a t i v e  t o  each o t h e r  i s  A T  n ~ o / c ~ o  ' t )  

where 

The da ta  f o r  the de te rm ina t i on  o f  T ( t )  and T R O ( t )  were logged d u r i n g  
t h e  exper iment o f  March 1973 a t  eacRR!ntenna s i  !e and a r e  shown t oge the r  
w i t h  a maximum l i k e l i h o o d  polynonl ia l  f i t  f o r  ARO and C R O  i n  FIGURES 2a 
and 2b r e s p e c t i v e l y .  The e r r o r  bars shown a r e  + 0.2 ps which we have 
taken as a measure o f  t h e  s tandard d e v i a t i o n  o f a  s i n g l e  de te rm ina t i on  
o f  T ( t ) ,  - rCRO( t ) .  The o r d e r  o f  t he  po lynomia l  (which i n  t h i s  case 
i s  3 fg00rder)  was chosen as t he  lowest o rde r  po lynomia l  f rom which a 
f u r t h e r  inc rease  i n  o rder  produced no s i g n i f i c a n t  r educ t i on  o f  va r iance .  

The data f o r  t he  determinaf  i on  o f  rgg jO( t )  and r ( t )  a r e  pub1 ished as 
"Da i l y  Phase Values and Time D i f fe rences"  i n  L ! ~ ~ d ~ ? ? m e  Se rv i ce  Pub l i ca -  
t i o n  Se r i es  4 ( U S N O  Time Serv ice  P u b l i c a t i o n s  1973). I n  de te rm in i ng  
rgg jo ( t )  a n d r  (t) f r o m t h e 1 ' D a i l y  P h a s e V a 1 u e s " f o r M a r c h  1973 
maximum l i k e 1  ii%! f i r s t  o r d e r  po lynomia ls  were f i t t e d  t o  t h e  11. 5. 
East Coast Chain da ta  f o r  February 14, 1973 t o  May 30, 1373 i n c l u s i v e  
t o  g i v e  T ( t )  and t o  t h e  Norwegian Sea Chain da ta  f o r  January 1, 1973 
t o  June 4?9?g73 i n c l u s i v e  t o  g i v e  r 7 9 7 0 ( t ) .  

The l o c a l  o s c i l l a t o r  f requency o f f s e t  between ARO and CRO i s  C f o ( t )  where 

A f o ( t )  = f o  ( t )  - fo ( t )  16) 
ARO CRO 

and where fo f a r e  t h e  l o c a l  o s c i l l a t o r  f requenc ies ,  nom ina l l y  
ARO' OCRO 

10,680 MHz, a t  ARO and C R O  r e s p e c t i v e l y .  The l o c a l  o s c i l l a t o r  f requency 
o f f s e t  as  determined by t h e  Loran-C/USNO M.C. da ta  i s  O f o  ( t )  where 

Loran 

d  
A f o ~ o r a n  ( t )  = f ~ * x [ A r ~ ~ ~ / ~ ~ ~  ct> I (7) 

and where fo  i s  t h e  nominal l o c a l  o s c i l l a t o r  f requency. 

The l o c a l  o s c i l l a t o r  frequency o f f s e t  as determined by i n v e r s i o n  o f  t h e  
LBI  f r i n g e  frequency d a t a  i s  A f o  ( t). 

LB I 

FIGURE 3 shows a  comparison o f  A f  
0 

(t) and A f o  t The LE I  
Loran LB I 

f r i n g e  frequency model f o r  A f o  ( t )  i n c l udes  smal l  r e l a t i v i s t i c  e f f e c t s  
LB I 
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of  t h e  o r d e r  o f  a few m i l l i H e r t z  as i n d i c a t e d  by Rober t son  (1975).  A l s o  
shown i n  FIGURE 3 a r e  t h e  - + 1 0  s tanda rd  d e v i a t i o n s  on A f o  ( t )  

Loran 
i n d i c a t e d  by dashed l i n e s  and computed by t h e  usua l  t e c h n i q u e s  o f  p ropa-  
g a t i o n  o f  e r r o r  assuming 2 0 . 2  11s s t a n d a r d  d e v i a t i o n  on t h e  i n d i v i d u a l  
Loran-C t i m i n g  measurements. The w i d t h  o f  t h e  + l o  r e g i o n  s u r r o u n d i n g  

A f o  
( t )  s h o u l d  p r o b a b l y  be somewhat l a r g e r  s  t h e  a u t h o r s  have 

Lo ran  
subsequently been i n fo rmed  ( L ~ v a n c e a u , l 9 7 6 )  t h a t  t h e  s t a n d a r d  d e v i a t i o n  
on Loran-C t i m i n g  nieasuremcnts f o r  t h e  Norwegian Sea Chain i s  more 
t y p i c a l l y  + 0.5 us .  I n  s p i t e  o f  t h i s  i t  i s  seen t h a t  t h e  two methods 
o f  c s t i r r i a t i n g  t h e  l o c a l  o s c i  1 l a t o r  o f f s e t  agree r a t h e r  w e l l  f o r  t h e  
expe r imen t  o f  March 1973. B o t h  e s t i m a t e s  a r e  seen f r o m  FIGURE 3 t o  
d i s a g r e e  w i t h  t h e  "expected" o r  nominal  l o c a l  o s c i l l a t o r  o f f s e t  o f  
300 rnWz by about  20 iriHz r.m.s. The d isagreement  o f  20 niHz r.rn.s. i n  10 
GHz between t h e  two independent  d e t e r m i n a t i o n s  o f  A f  ( t )  on t h e  one h ~ n d  

0 
and t h e  nom'nal  v a l u e  o f  A f o ( t )  on t h e  o t h e r  h ~ n d  i s  o f  t h e  o r d e r  o f  2 
p a r t s  i n  1012 and i s  o f  t h e  o r d e r  o f  t h e  r e p r o d u c i b i  1 i t y  o r  " s e t a b i  1 i t y "  
o f  "comrnerical" hydrogen maser f requency  s tanda rds  (Audo in  and V a n i e r ,  
1976). The d isagreement  between t h e  two independent  d e t e r m i n a t i o n s  o f  
A f o ( t )  by Loran-C on t h e  one hand and by L B I  on t h e  o t h e r  h  nd i s  o f  
t h e  o r d e r  o f  5 n~Hz r.m.s. o r  o f  t h e  o r d e r  o f  5 p a r t s  i n  1 0 l g  and i s  
comparable t o  t h e  r e p r o d u c i b i l i t y  o r  s e t a b i l i t y  o f  " l a b o r a t o r y "  Cs beam 
f requency s t a n d a r d s  (Audo in  and Van i e r ,  1976).  

I  I I  JUNE 1973 EXPERIMENTAL RESULTS 

The d a t a  f o r  t h e  expe r imen t  o f  June 1973 were much p o o r e r  t h a n  t h o s e  o f  
March 1973. I n  t h e  f i r s t  p l a c e  due t o  a  r e c e i v e r  m a l f u n c t i o n  a t  
C h i l b o l t o n  i t  was n o t  p o s s i b l e  t o  m o n i t o r  t h e  d r i f t  o f  t h e  s t a t i o n  c l o c k ,  
U T C [ C R O - H l l ] ,  a g a i n s t  UTC  ora an-C[CRO 7970 W ] .  I ns tead ,  a  t r a n s f e r  
f r equency  s tanda rd ,  Rb-340, was t r a n s p o r t e d  f r o m  the  N a t i o n a l  P h y s i c a l  
L a b o r a t o r y  (NPL) Tedd ing ton  and t h e  t i m e  d i f f e r e n c e  UTC[CRO-HI  11 - 
U T C [ R ~ - ~ ~ O ]  was logged a t  C h i l b o l t o n  d u r i n g  t h e  expe r imen t .  A t  A lgon-  
q u i n  P a r k  t h e  Lo ran  r e c e i v e r  was f u n c t i o n i n g  and t h e  t i m e  d i f f e r e n c e  
UTC [ARO-~91-UTC Loran-C [ARo 9930YI was logged as  i n  March 1973. T r o u b l e  
w i t h  t h e  l o c a l  o s c i l l a t o r  phase l o c k  loop,  once a t  A l g o n q u i n  P a r k  
(20930 U.T. June 17, 1973) and t w i c e  a t  C h i l b o l t o n  (0430 U.T. and 1300 
U.T. June 17, 1973) produced l a r g e  d i s c o n t i n u i t i e s  i n  t h e s e  two d a t a  
s e t s  as  i s  i n d i c a t e d  by FIGURES 4a and 4b. An a t t e m p t  was made t o  
e s t i m a t e  t h e  magn i tude o f  t h e  " t i m e  g l i t c h e s "  by p i e c e w i s e  f i t t i n g  
cu rves  t o  t he  c o n t i n u o u s  segments o f  t h e  d a t a  and m a t c h i n g  t h e i r  f i r s t  
d e r i v a t i v e s  a t  t h e  t imes  o f  l o c a l  o s c i l l a t o r  phase l o c k  f a i l u r e .  The 
r e s u l t i n g  " d e g l i t c h e d "  c l o c k  d a t a  a r e  shown i n  F I G U R E S  Sa and 5b. 

I n  o r d e r  t o  o b t a i n  a  measure o f  t h e  d r i f t  o f  t h e  s t a t i o n  c l o c k s  r e l a t i v e  
t o  each o t h e r ,  A T  

ARO/CRO 
( t ) ,  i t  was necessa ry  t o  r e f e r  UTC[CRO H l l ]  back  

t o  U T C [ U S N O  M . C . ]  i n  s p ~ t e  o f  t h e  absence o f  t h e  Loran-C t i m i n g  d a t a .  
T h i s  was accompl ished t h r o u g h  t h e  use o f  t h e  t r a n s f e r  s t a n d a r d  Rb-340 
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a n d  t h e  laboratory f rcqucncy standard Cs -41 8 a t  idPL which provides 
t i me sca 1 e U T C  [ i:PL] .. The difference U T C [ U S N O - M . C . ]  - UTC [NPL]  ar 
ten d a y  intervals, was then obtained from the Annual Report of the  

BIH (1974). 

A comparison of the frequency standard Rb-340   gain st Cs-418  yielded 

( i )  %10:00 U.T. June 12 1973 
U T C  [NPL ]  - UTC :Rb-3401 = 43.31 ps 

( i i )  %10:00 U.T. June 19 1973 
UTC [NPL]  - UTC [~b-3401 = 48.44 ps 

It was necessary to assume that Rb-340 had drifted linearly relative to 
C s - 3 4 0  had drifted 1 inearly relative to Cs-418 a t  the constant rate of 
-0.733 us per day for the duration of the experiment. With t h i s  
assumption the drift of the "station clock" u T C [ C R O  H I 1 1  relative to 
U T C [ N P L ]  could be established. The results of this calculation t.ogether 
with a maximum 1 i k e l  ihood polynornial fit to the data are shown in 
FIGURE 6. 

The rate of Cs-418 relative to USNO M.C. was  established by a linear fit 
to the B I H  data for UTCLUSNO M . C . ]  - UTC[NPL]  obtained from the 
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B I H  Annual Repor t  f o r  1973 pp 30-33 (1974).  S ince  N P L  r e a d j u s t e d  t h e  
C f i e l d ,  beam c u r r e n t , a n d  l oop  g a i n  on CS-418 on June 25, 1973 (swabey, 
1976) t h e  r a t e  o f  U T C [ N P L ]  r e l a t i v e  t o  UTC[USNO M . c . ]  f o r  t h e  June 
expe r imen t  was o b t a i n e d  on t h e  b a s i s  o f  B I H  d a t a  c o v e r i n g  t h e  i n t e r v a l  
January  7, 1973 - June 16, 1973. Dur ing  t h i s  i n t e r v a l  UTC [ U S N O  M . C . ]  
- U T C [ N P L ]  was chany i n g  a t  t h e  r a t e  o f  -0.050 11s p e r  day. 

The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  shown i n  FIGURE 7. The heavy c u r v e  
i n d i c a t e s  A f o  ( t ) ,  t h e  LBI d c t e r r r i i n a t i o n  o f  t h e  l o c a l  o s c i l l a t o r  

LB I  
f r equency  o f f s e t  i n c l u d i n g  s m a l l  r e l a t i v i s t i c  c o r r e c t i o n s  (Robertson,  
1976) and t h e  l i g h t e r  c u r v e  i n d i c a t e s  A f  ( t ) ,  t he  Loran-C/T ine  

OLoran 

S e r v i c e  d e t e r m i n a t i o n  o f  t h e  l o c a l  o s c i l l a t o r  f r equency  o f f s e t .  T h e  
d isagreement  between t h e  two s o l u t i o n s  i s  q u i t e  l a r g e ,  %60 rnHz r .m .s . ,  
o r  r o u g h l y  6 p a r t s  i n  1012 compared t o  t h e  r e s u l t s  f o r  t h e  March 
expe r imen t  w h i c h  were  r.m.s. o r  5 p a r t s  i n  1013 r e s p e c t i v e l y .  

The e x p e r i n l e n t a l  p r o c e d u r e  f o r  June 1973 was c l e a r l y  i n f e r i o r  t o  t h a t  
o f  March 1973. The e x p e r i m e n t a l  p rocedure  f o r  March 1973 a l l o w e d  
( s u b j e c t  t o  t h e  1 ini  t a t  i o n s  on p r e c i s i o n  i n h e r e n t  i n  Loran-C t i m i n g  
measurements) a  more o r  l e s s  con t i nuous ,  independent  m o n i t o r i n g  o f  the 
r e l a t i v e  r a t e  o f  t h e  two s t a t i o n  c l o c k s  f o r  compar ison w i t h  t h e  L E I  
s o l u t i o n .  T h i s  was n o t  t h e  case  i n  t h e  June 1973 exper imen t  w h i c h  
r e q u i r e d  i n t e r p o l a t i o n  o f  c l o c k  r a t e s  o v e r  5 and 10 day i n t e r v a l s .  
C o n s i d e r i n g  t h e  l a r g e  number o f  assumpt ions  and c o r r e c t i o n s  (each o f  
them w i t h  t h e i r  a t t e n d a n t  e r r o r s )  r e q u i r e d  t o  a n a l y s e  t h e  June 1973 
data ,  even t h e s e  somewhat p o o r e r  r e s u l t s  s h o u l d  perhaps be seen as  
encourag i ng. 

Aga in  i n  June 1973 as i n  March 1973 t h e  two independant  s o l u t i o n s  t o  t h e  
l o c a l  o s c i l l a t o r  f r equency  o f f s e t  d i s a g r e e  w i t h  t h e  nomina l  v a l u e  o f  
500 mHz by s i g n i f i c a n t l y  g r e a t e r  amounts t h a n  t h a t  by  w h i c h  t h e y  
d i s a g r e e  w i t h  each o t h e r .  

IV CONCLUSIONS 

T h i s  s t u d y  appears t o  i n d i c a t e  t h a t  t h e  t e c h n i q u e  o f  LBI  compares 
f a v o u r a b l y  w i t h  t h e  use o f  t h e  Loran-C/Time S e r v i c e  method as a means 
o f  m o n i t o r  i n g  f rcquency d i f f e r e n c e s  between r e m o t e l y  s i  t e d  f requency  
s t a n d a r d s .  

The p r a c t i c a l  l i m i t a t i o n s  on t h e  p r e c i s i o n  w i t h  w h i c h  t h i s  can be 
ach ieved  by t h e  Loran-C/Tirne S e r v i c e  t e c h n i q u e  a r e  imposed by t h e  
v a r i a t i o n s  i n  t h e  p r o p a g a t i o n  d e l a y s  o f    he Loran-C p u l s e s  w h i c h  a r e  
t h e  o r d e r  o f  + 0.2 ps - + 1.0 us .  Even assuming f a v ~ u r a b l e  c o n d i t i o n s  
t h i s  e f f e c t  appears t o  p roduce  a + 1 0  s t a n d a r d  d e v i a t i o n  o f  t h e  o r d e r  
o f  10-20 mHz r e l a t i v e  o s c i  1 l a t o r  Trequency d i f f e r e n c e  f o r  o s c i  1 l a t o r s  
whose f r e q u e n c i e s  a r e  i n  t h e  10 G H r  range.  Thus i t  w o u l d  appear t h a t  
t h e  Loran-C/Time S e r v i c e  t e c h n i q u e  a l l o w s  a compar ison o f  remote 
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f r equency  s t a n d a r d s  w i t h  a  riaxir;~urn p r e c i s i o n  o f  r o u g h l y  one p a r t  i n  10 12 
f o r  g round wave Loran-C r e c e p t i o n  averaged o v e r  a few days. 

The p r a c t i c a l  1 i m i t a t i o n s  on t h e  LEI t e c h n i q u e  a r e  irnposed by: 

( a )  u n c e r t a i n t i e s  i n  t h e  b a s e l i n e  l e n g t h  and o r i e n t a t i o n  

(b)  u n c e r t a i n t i e s  i n  t h e  sou rce  c o o r d i n a t e s  

(c )  u n c e r t a i n t i e s  i n  t h e  a t t r iospher ic  t r a n s m i s s i o n  e f f e c t s  on t h e  
r e c e i v e d  RF s i g n a l  

( d )  u n c e r t a i n t i e s  i n  t h e  s h o r t  t c r m  r o t a t i o n  r a t e  o f  t h e  e a r t h .  

E s t i m a t e s  o f  t h e  magn i tudes o f  t h c s e  e f f e c t s  can be made by comb in ing  
t y p i c a l  v a l u e s  o f  t h e  p a r t i a l  d e r i v a t i v e  o f  f r i n g e  f r e q u e n c y  w i t h  
r e s p e c t  t o  t h c s e  v a r i o u s  parameters  w i t h  t y p i c a l  v a l u e s  o f  t h e i r  
u n c e r t a  i n t  i e s .  For  an i n t e r f e r o r ~ i e t e r  base1 i n e  ~ 5 0 0 0  km and o b s e r v i n g  
f r e q u e n c y  % l o  GHz t h e s e  c a l c u l a t i o n s  a r e  summarized i n  TABLE I .  

TABLE 1 .  

U n c e r t a i n  T y p i c a l  T y p i c a l  c o n t r i b u t i o n  
q u a n t i t y  u n c e r t a i n t y  t o  f r i n g e  f requency  

v e c t o r  base1 i n e  + 1 m. + 1 mHz - 
each c o o r d i n a t e  

sou rce  + 0!'1 + 3 niHz - 
c o o r d i n a t e s  e a c k  c o o r d i n a t e  

a tmospher i c  phase d e l a y  f l u c t u a t i o n s  - + 2 mHz 
p h a s e  d e l a y  ~6 cm. Time s c a l e  ~ 1 5  
r a t e  m inu tes  

s h o r t  t e r m  1.o.d. known - + 3 m H t  
r o t a t i o n  r a t e  t o + 3  mS on 
o f  e a r t h  a s i n g l e  n i g h t  

These v a r i o u s  e f f e c t s  a l l  combine t o  p roduce  an u n c e r t a i n t y  o f  + 5 r n H t  
i n  t he  L B I  d e t e r m i n a t i o n  o f  t h e  r e l a t i v e  f requency  o f  renro te ly  s i t e d  
o s c i l l a t o r s  i n  t h e  10 GHz range. T h i s  co r responds  t o  a p r e c i s i o n  of 
r o u g h l y  f i v e  p a r t s  i n  10 '3  o r  comparab le  t o  t h e  p r e c i s i o n  o f  t he  
Loran-C/Time S e r v i c e  techn ique .  T h i s  i s  c o n f i r m e d  by t h e  e x p e r i m e n t a l  
r e s u l t s  r e p o r t e d  here.  
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