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ABSTRACT 

Control of time and frequency at remote stations and the 
maintenance of a constant time scale for Loran-C chains 
are problems of practical importance. The stability of 
stations monitoring a Loran-C chain is analyzed - in par- 
ticular, those stations monitoring the Northwest Pacific 
chain (LC/9970). Part of  the analysis consists of com- 
paring individual determinations of the quantity, u. s. 
Naval Observatory Master Clock (USNO MC) - LC/9970, with 
an averaged value and in making intercomparisons of  
monitored data. 

The values for the relationship 

USNO MC - LC/9970 

are published weekly in the Time Service Series 4 announcements to en- 
able users to establish and maintain traceability to the USNO MC. 
These values also are available on a daily basis by telephonic communi- 
cation with an HP 1000 computer located in the Time Service building. 
Details of some of the work done and problems encountered in the deter- 
mination of USNO MC - LC/9970 are illustrated here. 

How does one keep a chain on time? Some chains are monitored at the 
Naval Observatory and the differences, USNO MC minus the chains, are 
published in Series 4 as direct measures. However, the Observatory 
cannot receive the Loran-C signals of most chains, especially the North- 
west Pacific chain. Nonetheless, even at a distance of some 8,000 miles 
from Washington, it is possible to determine and publish the result of 
emission time of LC/9970 to a high degree of accuracy. 

Figure 1 compares the values of USNO MC - LC/9970 for both the pub- 
lished data in Series 4 and the computed average values. The computed 
values are represented by the curve which has been labelled periodically 
with large symbols for easier recognition. The difference between the 
two curves, which has been plotted against an offset zero line, appears 
near the bottom of the plot. The x axis units are in terms of Modified 
Julian Day and the y axis units are microseconds. 
tions are the same for all plots used in this paper. It is obvious 
that the two curves do not always agree and can be more than 0.51.1s 
apart, but generally the residual is less than 0.51.1s. 

These axis designa- 
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The upper curves a re  values as pub1 ished i n  Ser ies 4 and as 
determined from the computed average ( t raced  w i t h  l a rge  sym- 
b o l s ) .  
curves. Announced frequency changes a r e  i nd i ca ted  by arrows. 

The lower p l o t  i s  t he  d i f f e r e n c e  between the two 

The publ ished values o f  USNO MC - LC/9970 a re  based on e x t r a p o l a t i o n  
o f  the  t ime scales f o r  several  mon i to r ing  s i t e s .  Run-offs occur when 
a d d i t i o n a l  data i s  received from o the r  mon i to r ing  s t a t i o n s  which do no t  
send t h e i r  Loran readings t o  the Observatory on a d a i l y  bas is .  i f ,  a f t e r  
new data i s  received, the  computed average curve takes a new d i r e c t i o n ,  
then the  publ ished values w i l l  be steered t o  the c o r r e c t  va lue  over a 
per iod  o f  a week o r  two ra the r  than have a jump o f  a f r a c t i o n  o f  a 
microsecond. 

F igure  1 a1 so shows announced frequency changes ( i nd i ca ted  by arrows) 
i n  the  Loran as w e l l  as sane d i s c o n t i n u i t i e s  which w i l l  be discussed 
l a t e r .  I n  what fo l l ows ,  a t t e n t i o n  w i l l  be g iven t o  the  data sources 
used i n  generat ing the  computed average and t o  some o f  the  f a c t o r s  
which a f f e c t  the r e l a t i v e  displacement o f  the  two curves. 

The Northwest P a c i f i c  chain i s  t i e d  t o  the  Naval Observatory by 

1 .  Por tab le  c locks,  
2. Defense Sate1 1 i t e  Communication System (DSCS) 

3 .  The r a t e  c o r r e l a t i o n  method. 
t ime t rans fe rs ,  and 

Each o f  these methods has advantages and drawbacks, the  i dea l  s i t u a t i o n  
employing a l l  t h ree  simultaneously.  Using LC/9970 transmissions, 



d i f f e r e n c e s  of USNO MC - s t a t i o n  are s e e n  i n  F i g u r e  2 .  I n  t h i s  case, 
t h e  d a t a  i s  for a c e s i u m  a t  t h e  DSCS t e r m i n a l  i n  F i n e g a y a n ,  Guam. As 
w i t h  a l l  L o r a n  d a t a ,  t h e  r e a d i n g s  t a k e n  b y  t h e  s t a t i o n  a r e  f o r w a r d e d  to  
t h e  O b s e r v a t o r y  a n d  c a l c u l a t i o n s  made to  r e d u c e  a l l  t h e  d a t a  to USNO MC - 
s t a t  i o n .  
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P e r f o r m a n c e  of Cesium 1510 

In J a n u a r y ,  t h i s  p a r t i c u l a r  c l o c k  was s t e p p e d  p e r  i n s t r u c t i o n  from t h e  
O b s e r v a t o r y ;  l a t e r ,  t h e r e  were s e v e r a l  s p o n t a n e o u s  r a t e  c h a n g e s .  
A n o t h e r  s t e p  was programmed i n  J u n e  as  w e l l  as a f r e q u e n c y  c h a n g e .  I n  
A u g u s t ,  t h e  c l o c k  jumped a n d  c h a n g e d  ra te .  I n  S e p t e m b e r ,  i t  jumped 
a g a i n  w i t h  a n o t h e r  c o r r e s p o n d i n g  r a t e  c h a n g e .  T h e r e  a r e  f r e q u e n t  power 
o u t a g e s  w h i c h  c o n t r i b u t e  to  m i s s i n g  d a t a .  T h i s  p l o t  shows t h a t  a c l o c k  
t r i p  o n c e  or t w i c e  a y e a r  ( a  t y p i c a l  a v e r a g e  f o r  t h i s  c h a i n )  i s  f a r  
from a d e q u a t e  t o  t i e  t h e  LC/9970 c h a i n  t o  t h e  USNO time s c a l e  when a 
c l o c k  p e r f o r m s  i n  t h e  manner  of c e s i u m  1510. 

A b e t t e r  b e h a v e d  c l o c k  i n  terms of l o n g  t i m e  s p a n s  is cesium 211 a t  
NASA, Guam,  w h o s e  p e r f o r m a n c e  is shown i n  F i g u r e  3 .  Here i s  a c l o c k  
w i t h  r e a s o n a b l y  s m a l l  s ca t t e r ,  n o  d i s c o n t i n u i t i e s  a n d  r e l a t i v e l y  few 
r a t e  c h a n g e s .  
of USNO MC - LC/9970 not o n l y  b e c a u s e  of p e r f o r m a n c e  b u t  a l s o  b e c a u s e  

T h i s  c l o c k  is h e a v i l y  r e l i e d  upon f o r  t h e  d e t e r m i n a t i o n  
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its Loran values are reported daily. 
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Figure 3 .  

Performance of Cesium 211. 
tracted from values of USNO MC-Cs 211. 

A constant of 19ps has been sub- 

From a practical point of view, satellite time transfers are more use- 
ful in establishing the relationship between a Loran chain and the 
Naval Observatory Master Clock than are portable clock trips, by virtue 
of the greater frequency of the satellite time transfers. There are 
three DSCS terminals which can monitor the LC/9970 chain. These termi- 
nals are located at: 

1. Futema, Okinawa, 
2. Finegayan, Guam, and 
3 .  Kwajalein, Marshall islands. 

Time transfers from Futema were resumed in late 1980 after a long ab- 
sence. The transfers are done on a weekly basis and would normally be 
quite useful were it not for the fact that no Loran receiver was opera- 
ting at the site. Recently, Loran-C monitoring has resumed but the 
data is erratic and equipment problems may still exist. Thus, it is 
presently impossible to use the Futema time transfers directly. 

The DSCS terminal at Finegayan, data from which are presented in Figure 
4, is the present 'workhorse' for satellite time transfers in the 
Pacific. Here, using LC/9970 transmissions, differences of  USNO MC - 
Cs 1061 are plotted along with the intermittent time transfers shown 
by the large symbols. The satellite points have relatively low scatter 
and are extremely useful for predicting the direction in which the 
system should be moving. Cesium 1061 also serves as the primary 
through which two other clocks at Finegayan are monitored. The draw- 
back is that time transfers are not regular enough due to higher 
priority requirements at Finegayan. A l s o ,  equipment problems tend to 
produce frequent gaps in the Loran data resulting in cesiums being 
reset--usually, one to another. 
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The t h i r d  DSCS t e r m i n a l  i s  l o c a t e d  a t  K w a j a l e i n .  Even though t h e r e  i s  
cons iderab le  s c a t t e r  i n  t h e  Loran d a t a  ( F i g u r e  51, t h e  l a r g e  symboled 
t ime t r a n s f e r s  were very  u s e f u l  u n t i l  approx imate ly  June 1981. A t  t h a t  

2.0 

1.0 

0.0 

fis -1.0 

-2.0 
-3.0 

4 . 0  

-5.0 

USNOMC-KWJUG8/9970 RVER 

.mN FEB WRCn -11 MRY J M E  .@JULY R W S Y  SEPT OCT 
1981 

F i g u r e  5. 

Performance of Cesium 468 a t  Kwaja le in .  Large symbols 
i n d i c a t e  s a t e l l  i t e  t i m e  t r a n s f e r s .  

t ime t h e  s a t e l l i t e  p o i n t s  depar ted from t h e  Loran system ( d e f i n e d  by 
the  many o t h e r  c l o c k s  which make up t h e  MEAN). I n  f a c t ,  t h e r e  seems to  
be an o f f s e t  o f  about 11~s. No t r a n s f e r s  were performed a f t e r  August 
due t o  problems w i t h  a t i m e  t r a n s f e r  modem a t  t h e  DSCS t e r m i n a l  a t  Camp 
Roberts, C a l i f o r n i a .  Hence, K w a j a l e i n  is t e m p o r a r i l y  u n a v a i l a b l e  i n  
h e l p i n g  t o  determine USNO MC - LC/9970 from a t i m e  t r a n s f e r  p o i n t  o f  
view. T h i s  i s  an example of  why one cannot r e l y  e x c l u s i v e l y  upon any 
one source o f  da ta !  
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Scatter problems of Loran monitored data in Kwajalein are illustrated 
in Figure 6 which is obtained by subtracting USNO MC - LC/9970 via each 
station from USNO MC - LC/9970 as determined by the average o f  all 

in the MEAN. Here, NASA (with relatively low scatter) and 
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Relative scatter about an offset zero line of Loran-C signals 
as observed at two separate monitoring sites in the Pacific. 

Kwajalein (with relatively high scatter) are being compared. The 
scatter in Kwajalein may be a combination of skywave contamination, 
oscillator or receiver problems, or personnel. Previously, Kwajalein's 
scatter was much less. 

Figure 7 illustrates Loran data for NASA aqain but this time the x axis 
has 

-14.0 

-15.0 

- 16. I! Ms -17.0 

-18.0 

-19.0 

-2tF. 0 

- 
been compressed to go back two years. Also ,  the time transfers at 

USNOMC-NRSR211/9970 FIVER 
-lu.o 
-15.0 

-16.0 

-17.0 

-18.0 

-19.0 

-20.0 

1980 1981 
Figure 7. 

Values obtained through the computed average o f  LC/9970, using the 
satellite time transfers at Finegayan (X )  and Kwajalein (0). A 
constant o f  1 9 ~ s  has been subtracted from these data. 

Finegayan and Kwajalein (large symbols) have been reduced to obtain 
values o f  USNO MC - NASA through the commonly monitored Loran data. In 
addition to the usual scatter of  Loran-C, a solid line is plotted which 
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i s  the adopted frequency o f f s e t  for USNO #C - s t a t i o n .  These a re  
s t r a i g h t  l i n e s ,  changing slope on ly  when ind ica ted  by the raw data. I t  
i s  ev ident  t h a t  Kwaja le in  was d e f i n i t e l y  b e t t e r  be fore  May of 1981, even 
though i t  shows somewhat more s c a t t e r  than Finegayan. Th is  p l o t  demon- 
s t r a t e s  t h a t  a good c lock  w i t h  severa l  sources o f  t ime t rans fe rs  i s  a 
powerful t o o l  f o r  remote t ime sca le  determinat ion.  

A s i m i l a r  s i t u a t i o n  (F igure  8) i s  t h a t  i n  which s a t e l l i t e  t ime t rans-  
f e r s  from the  Finegayan and Kwaja le in  terminals  have been reduced t o  
ob ta in  USNO MC minus Tokyo Astronomical Observatory (TAO) and USNO MC 
minus Radio Research Laboratory (RRL) v i a  the  Loran. These t ime systems 
(both located i n  Tokyo, Japan) a r e  very good members o f  the c lock  en- 
semble which i s  used i n  determining the  average, b u t  t h e i r  Loran data 
a re  usua l l y  two o r  three weeks behind. No t i ce  the  d i s c o n t i n u i t y  i n  RRL 
dur ing A p r i l .  Th is  type o f  break i s  e a s i l y  i d e n t i f i e d  w i t h  the ac tua l  
problem c lock  i f  t h a t  c lock  i s  cons tan t ly  intercompared w i t h  a t i g h t l y  
bound system o f  c locks,  as i s  maintained f o r  the Northwest P a c i f i c  chain. 
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Values obta ined through the  computed average o f  LC/9970 
us ing the  s a t e l l i t e  t ime t rans fe rs  a t  Finegayan (5, Y) 
and Kwajalein (a, g). A constant o f  1 3 ~ s  was subtracted 
from the  values o f  RRL. A constant o f  2011s was sub- 
t rac ted  from TAO. 

When a l l  e l s e  f a i l s  and there  a re  no po r tab le  c lock  o r  s a t e l l i t e  t ime 
t r a n s f e r  values ava i l ab le ,  the  course a system should be tak ing  can be 
deduced by an intercomparison scheme c a l l e d  r a t e  c o r r e l a t i o n .  Th is  i s  
simply a method which says t h a t  i f  one c lock  changes i n  frequency, t h a t  
change should appear i n  any d i f f e rences  measured w i t h  respect t o  t h a t  
c lock .  For instance, i f  one has the  d i f f e rences  A-B and A-C and A 
changes by f i v e  a r t s  i n  10'3, both d i f fe rences  should a l s o  change by 
f i v e  pa r t s  i n  IOB3 whereas B-C should no t  e x h i b i t  any changes. Th is  
technique requ i res  a t  l e a s t  th ree  o s c i l l a t o r s  b u t  usua l l y  i s  employed 
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w i t h  as  many as poss ib le .  The method works very w e l l  i n  the  P a c i f i c  
and i s  e a s i l y  capable o f  1/2ps accuracy. 

I n  F igure 9, Loran data f o r  the  Nat ional  Research Laboratory o f  
Metrology (NRLM) located i n  Tokyo, Japan, has been subtracted from t h a t  
obta ined a t  NASA, TAO, and RRL. A change i n  frequency i s  c l e a r l y  e v i -  
dent dur ing  J u l y  which i s  a t t r i b u t e d  t o  NRLM--the s t a t i o n  common t o  a l l  
t h  ree d i f f e rences . 
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Differences i n  ra tes  between p a i r s  o f  cesiums can 
de tec t  a r a t e  change i n  a s i n g l e  c lock.  
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There are approximately 21 cesium clocks monitoring Loran-C in the 
Northwest Pacific. Eleven of these cesiums are currently in the HEAN. 
The relationship USNO MC - tC/9970 via each station contributing to the 
MEAN is plotted in Figure 10. The scatter produced by these different 
sites i s  about 0.2 to 0 . 3 ~ s .  
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Scatter of clocks used i n  the ensemble determining the time 
scale for LC/9970. 

It i s  the average of the better stations which are used to compute the 
values published in Series 4. 
on a daily basis, evaluation of the adopted time scale is continuously 
being made as additional data are received. 
from those pubtished. 
necessary and i s  done automatically if differences between computed and 
published values approach 0.71.1s. An example of just such a revision is 
given in Figure I t .  

Since not all stations report their data 

Final values may differ 
Sometimes revisian of Series 4 values becomes 

The interval from roughly January through April that appears in Figure 1 
i s  examined more closely in Figure 11. On the left are the original 
Series 4 values (represented by the curve marked with large symbols) 
plotted with the final (not original) average. On the right are the 
revised Series 4 values (again labelled with large symbols) plotted with 
the same final average. The drastic change in Series 4 values has two 
primary causes: Chain reconfiguration and insufficient data. 
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Or ig ina l  values o f  USNO MC - LC/9970 publ ished i n  
Ser ies 4 a r e  i n  the  l e f t  f i g u r e  (curve marked w i t h  
l a rge  symbols). The rev ised values (again marked 
w i t h  la rge  symbols) a r e  i n  the  r i g h t  f i g u r e .  The 
second curve i n  each f i g u r e  i s  t he  f i n a l  computed 
ave rage. 

I n  mid-January an o s c i l l a t o r  change occurred. I t  apparent ly  caused a 
d i s c o n t i n u i t y  and a frequency change i n  the  Loran data.  On 21 February, 
a chain recon f igu ra t i on  began--at which something happened, producing 
a second d i s c o n t i n u i t y .  Another frequency change occurred i n  e a r l y  
March. Then, a s tep  adjustment and an a d d i t i o n a l  frequency change took 
p lace on 1 A p r i l .  Dur ing the  recon f igu ra t i on ,  there  were no t ime t rans-  
f e r s  from Finegayan. Kwaja le in  was no isy  and data was no t  coming i n  on 
a cu r ren t  bas is .  I n  a d d i t i o n  t o  the delay change a t  the  beginning of 
the recon f igu ra t i on ,  Finegayan Loran-C data jumped and changed delay 
w i t h i n  the  reconf igura t ion .  Some mon i to r ing  s i t e s  stopped sending i n  
data a l toge the r  f o r  a wh i l e !  
t h i s  pe r iod  w i t h  the  f i n a l  r e s u l t  appearing as i n  the  r ight -hand f i g u r e .  
I t  i s  planned t h a t  f i n a l  rev ised Ser ies 4 values f o r  t he  e n t i r e  year 
w i l l  be a v a i l a b l e  as p a r t  o f  the annual Time Serv ice r e p o r t  (Ser ies 1 1 ) .  
In fo rmat ion  a l s o  w i l l  i nc lude any rev i s ions  f o r  chains o ther  than LC/ 
9970. 

Hence, Ser ies 4 had t o  be rev ised dur ing 

I t  i s  apparent t h a t  a remote Loran-C chain can be kept  on t ime i f  there  
i s  an abundance o f  data.  Cont ro l  p o i n t s  such as those fu rn ished by 
s a t e l l i t e  t ime t r a n s f e r s  and p o r t a b l e  c locks  a r e  most use fu l  i n  he lp ing  
to  remove p r e d i c t i o n  and system e r ro rs .  However, care  must be exercised 
i n  us ing  the c o n t r o l  p o i n t s  as they themselves a r e  sub jec t  t o  e r r o r .  
For instance, weekly t ime t r a n s f e r s  can show s c a t t e r i n g  o f  k 0 . 3 ~ ~ .  

Por tab le  c lock  measurements a l s o  a r e  a f f e c t e d  by var ious  types o f  
errors--many o f  which cou ld  have gone unnot iced i f  the  data were n o t  
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correlated to the Loran-C chain reduction procedures that are described 
herein. A major problem with reducing portable clock measurements to 
USNO MC is how to characterize the portable clock's performance during 
a trip. From the time it leaves the Observatory, or any other con- 
trolled environment, little is known about a clock's operation until it 
returns and monitoring resumes again. 

The major difficulty in this work is insufficiently trained personnel. 
Some specific problems affecting remote time scales are: 

1 .  
2. 
3 .  

4. 

5. 
6. 
7. 
8. 
9. 

Desp i te 

Insufficient clock trips, 
Insufficient satellite time transfers, 
Long-term interruptions of satellite time 
transfers due to high priority missions, 
Lack of operational Loran-C receivers at 
DSCS terminals. 
insufficient knowledge of propogation delays, 
Skywave contamination of signals, 
Reconfigurations, 
Constant steering of cesiums, and 
Delay in receiving monitored data. 

these and other problems, the Northwest Pacific chain is kept 
within 0 . 5 ~ s  of the USNO MC on a routine basis. 
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