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1. INTRODUCTION. 
The N a t i o n a l  ~ h G i c a l  Labora to ry  a t  Teddington,  some 1 2  m i l e s  from t h e  c e n t r e  
of London, was e s t a b l i s h e d  i n  1900 and w i t h  t h e  immediate fo rmat ion  o f  a n  
Observa to ry  Department under took t o  c o n t i n u e ,  a long  w i t h  o t h e r  s t a n d a r d s  work, 
t h e  t e s t i n g  of watches  and chronometers  p r e v i o u s l y  c a l i b r a t e d  a t  t h e  Kev 
Observa to ry .  With t h e  fo rmat ion  o f  a f requency and time s e c t i o n  i n  t h e  1 9 2 0 H s ,  
NPL began t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  development o f  i n c r e a s i n g l y  
a c c u r a t e  f requency and t i m e  s t a n d a r d s  and methods o f  d i s s e m i n a t i o n ,  

2 .  HISTORY. 
Well  o v e r  a c e n t u r y  ago,  a t ime s i g n a l  was being t r a n s m i t t e d  from t h e  Royal 
Greenwich Observatory by d i r e c t  l i n e  t o  Richmond P o s t  O f f i c e  and thence  by two 
chronometers  ( e a r l y  p o r t a b l e  c locks !  ) t o  t h e  K e w  Observatory abou t  one m i l e  
away. The K e w  Observatory had been b u i l t  p r i v a t e l y  i n  1760 by King George III 
t o  observe  a t r a n s i t  of  Venus. I n  1841, i t  was t r a n s f e r r e d  t o  t h e  a u s p i c e s  of 
t h e  Royal S o c i e t y  and e s t a b l i s h e d  a s  a c e n t r e  f o r  c a l i b r a t i n g  v a r i o u s  
measur ing i n s t r u m e n t s ,  which, by 1884, inc luded  watches  [ I ] .  I n  1889, a d i r e c t  
t e l e g r a p h i c  connec t ion  e x i s t e d  between t h e  two o b s e r v a t o r i e s  and among t h e  
r e f e r e n c e  c l o c k s  i n  u s e  a t  Kew was a Graham dead-beat r e g u l a t o r  by French. 
From t h e  r e c o r d s ,  i t  i s  known t h a t  a new second hand and e l e c t r i c a l  c o n t a c t s  
f i t t e d  t o  t h i s  t imepiece  i n  1896 proved u n s a t i s f a c t o r y  and were r e p l a c e d  i n  
1897 by Dent, a London clockmaker,  probably  b e s t  known f o r  t h e  manufacture  o f  
t h e  c l o c k  mechanism of "Big Ben", t h e  world-famous t imekeeper  a t  t h e  P a l a c e  of 
Westminster .  NPL was s e t  up i n  1900 i n  Bushy House o n  t h e  p r e s e n t  s i t e ,  and 
t h e  work under taken  a t  Kew Observatory t r a n s f e r r e d  g r a d u a l l y  t o  Teddington,  
i n c l u d i n g  i n  1912, t h e  t ime s e c t i o n  and t h e  mas te r  c l o c k  by French. T h i s  c l o c k  
s t i l l  performs e x c e l l e n t l y  a t  NPL, a l t h o u g h  n o t  i n  t h e  c l o c k  ensemble of t h e  
p r e s e n t  t ime  s e c t i o n  bu t  i n  t h e  NPL Museun. 

A r a p i d  su rvey  of t h e  NPL Annual Repor t s  r e v e a l s  some i n t e r e s t i n g  h i g h l i g h t s :  
A valve-mainta ined t u n i n g  f o r k  opera ted  as a p r e c i s i o n  t ime  s t a n d a r d  w i t h  
i n s t a b i l i t i e s  o f  around 3 p a r t s  i n  1 0  000 p e r  month. (1923) .  A t r a v e l l i n g  
q u a r t z  r e s o n a t o r  was a s s i g n e d  a n  i d e n t i c a l  f requency  w i t h i n  one p a r t  i n  
1 X 10E5 by t h e  (now) NBS, PTB and NPL and a BBC b r o a d c a s t  of  s t a n d a r d  
modulat ion f requency d e r i v e d  from a t u n i n g  f o r k  was used a t  NPL t o  d r i v e  a 
phonic  wheel,  (1 929).  I n  1930 t h e  Par is /London t r a n s m i s s i o n  of modulatiorl 
f r equency  was r e c e i v e d .  Measurements agreed  t o  w i t h i n  a few p a r t s  i n  a 
m i l l i o n .  1931 saw t h e  s tar t  of a s t a n d a r d  f requency b r o a d c a s t  from Teddington 
on 1 .78 MHz, w h i l e  5MHz from Washington w a s  r e c e i v e d  and compared w i t h i n  1 X 



10E8 i n  1934. A q u a r t z  r i n g  o s c i l l a t o r  was s t a b l e  t o  1 X lOE8 i n  1935. The 
f i r s t  c a e s i m  a tomic  f requency  s t a n d a r d  f o r  r e g u l a r  c a l i b r a t i o n  o f  c r y s t a l  
o s c i l l a t o r s  t o  1 X lOElO w a s  o p e r a t i o n a l  i n  May, 1955 [ 2 ] .  The y e a r s  1955-1958 
exper ienced  t h e  c o o p e r a t i v e  measurement w i t h  USNO t o  a s s i g n  a  v a l u e  f o r  
Caesium i n  t e rms  o f  Ephemeris Time. The r e s u l t  w a s  t h e  now well-known f i g u r e  
of 9 192 631 770 Hz [ 3 ] .  The f i r s t  t ime  t r a n s f e r  by s a t e l l i t e  was from 
Goonhi l ly ,  UK t o  Andover, US, i n  1962 [ 4 ] .  

3. PRESENT STATUS. --- 

3.1. Reference Clock System. 
NPL c u r r e n t l y  m a i n t a i n s  a n  ensemble o f  s e v e n  commercial caesium c l o c k s ,  o f  
t h e s e ,  f o u r  are f i t t e d  w i t h  o p t i o n  004 and t h e  remainder  have s t a n d a r d  t u b e s .  
The c l o c k s  a r e  l o c a t e d  i n  two s e p a r a t e l y  c o n t r o l l e d  environments.  Each h a s  i t s  
own b a t t e r y  o p e r a t e d  power supp ly  and all impor tan t  i n s t r u m e n t s  i n  t h e  
i n s t a l l a t i o n  can be  powered from a  back-up d i e s e l  g e n e r a t o r  shou ld  t h e  need 
a r i s e .  One c l o c k  i n  e a c h  i n s t a l l a t i o n  i s  equipped w i t h  a phase  mic ros tepper  
p r i o r  t o  t h e  d i v i d e r  t o  1 Hz. One such  system i s  d e s i g n a t e d  UTC(NPL), w i t h  t h e  
o t h e r  a c t i n g  as r e s e r v e .  UTC(NPL) i s  main ta ined  w i t h i n  approximately  
+/- 5 microseconds of UTC w i t h  a d j u s t m e n t s  k e p t  t o  a n  a b s o l u t e  minimum, t h e  
las t  being on MJD 45983 (1984 October  1 0 ) .  

3.2. Measurement F a c i l i t y .  - 
The measurement f a c i l i t y  i s  d i v i d e d  i n t o  two s e c t i o n s .  I n  t h e  f i r s t ,  
measurements a r e  performed d i g i t a l l y  o n  t h e  c l o c k  ensemble and t h e  r e c e i v e d  
s i g n a l s  from t i m e  o r i e n t a t e d  t r a n s m i s s i o n s  s u c h  as GPS, LORAN C and TV, w h i l e  
t h e  second,  a n  ana logue  system,  i s  d e d i c a t e d  t o  measuring t h e  r e c e i v e d  phase  
of s t a b l e  f requency t r a n s m i s s i o n s  from GBR on 16 kHz, MSF o n  60 kHz and 
Dro i twich  on 200 kHz. 

The automated d i g i t a l  measurement system comprises  a  s e p a r a t e  c o a x i a l  s w i t c h  
and 2ns  s i n g l e  s h o t  timer i n  each  room, c o n t r o l l e d  v i a  t h e  GPLH from a common 
computer w i t h  t i m e o f - d a y  c l o c k ,  p r i n t e r  and d i s c  s t o r e .  F igure  1 i l l u s t r a t e s  
t h e  s i m p l i f i e d  arrangement.  UTC(NPL) i s  connected permanently t o  t h e  s t a r t  
t e r m i n a l  of each  nanosecond timer. Beginning on  t h e  hour ,  each r e f e r e n c e  c l o c k  
i n  t h e  ensemble i s  connected i n  t u r n ,  by t h e  s w i t c h e s ,  t o  t h e  t i m e r  s t o p  
t e r m i n a l .  V i s i t i n g  p o r t a b l e  c l o c k s  and r e c e i v e d  t ime  t r a n s m i s s i o n s  a r e  a l s o  
connected t o  t h e  system. Each measurement i s  t h e  mean of t e n  t ime  d i f f e r e n c e  
r e a d i n g s  and r e p r e s e n t s  t h e  d e l a y  of t h e  s e l e c t e d  c l o c k  o r  r e c e i v e d  t i m e  
t r a n s m i s s i o n  r e l a t i v e  t o  UTC(NPL) . I n d i v i d u a l  c a b l e  d e l a y s  f rom t h e  r e f e r e n c e  
Loca t ion  f o r  UTC(NPL) have been measured and t h e  t r a n s m i s s i o n  d e l a y  f o r  LORAN 
C and TV a s s e s s e d .  These a r e  accounted f o r  i n  t h e  software. The computed 
r e s u l t s ,  t o g e t h e r  w i t h  a  t i m e  t a g  a r e  p r i n t e d  e a c h  hour  on hard  copy and  a l s o  
t r a n s f e r r e d  t o  f loppy  d i s c  f o r  permanent s t o r a g e  and subsequent  a n a l y s i s .  Data 
f o r  t ime  s c a l e  r e s e a r c h  is c u r r e n t l y  t r a n s f e r r e d  by  f loppy d i s c .  

I n  t h e  analogue measurement sys tem,  t r a c k i n g  r e c e i v e r s  a r e  used t o  e s t a b l i s h  
t h e  phase d i f f e r e n c e s  between t h e  l o c a l  r e f e r e n c e  f requency and t h e  r e c e i v e d  
s i g n a l s .  These a r e  conver ted  t o  DC v o l t a g e s  and a p p l i e d  t o  c h a r t  r e c o r d e r s .  
Exper ience  h a s  shown t h a t  phase  d i f f e r e n c e s  t a k e n  from t h e  c h a r t  by  a  s k i l l e d  
o b s e r v e r  a r e  more r e p r e s e n t a t i v e  of t h e  t r u e  performance o f  t h e  r e c e i v e d  



s i g n a l  t h a n  t h o s e  performed a u t o m a t i c a l l y .  I n f l u e n c e  of  t h e  sky wave i s  l i k e l y  
t o  d i s t o r t  t h e  t r a c e  and some v i s u a l  a v e r a g i n g  i s  o f t e n  n e c e s s a r y .  With more 
l a b o r a t o r i e s  u s i n g  h i g h - s t a b i l i t y  r e f e r e n c e  s o u r c e s ,  t h e  demand f o r  
r e p r e s e n t a t i v e  phase  r e s u l t s  i s  i n c r e a s i n g .  I n  a n  endeavour t o  improve t h e  
s i t u a t i o n ,  a  l o n g - t i m e c o n s t a n t  r e c e i v e r  h a s  been purchased f o r  MSF 60 kHz and 
t h i s  shou ld  p r o v i d e  more r e p r e s e n t a t i v e  r e s u l t s .  

3.3. Resea rch  Programme on Time S c a l e  Algor i thms.  
-+- 

I n  o r d e r  t o  o b t a i n  a  p r a c t i c a l  c l o c k  OF maximum-niformity,  i t  i s  n e c e s s a r y  t o  
a p p l y  p r e d i c t e d  r a t e  c o r r e c t i o n s  and w e i g h t i n g  f a c t o r s  t o  i n d i v i d u a l  members 
of t h e  c l o c k  ensemble. Var ious  methods a r e  p o s s i b l e  and a f t e r  c o n s i d e r a b l e  
t h e o r e t i c a l  s t u d y  of t h e  t ime-sca le  problem, a high- speed a l g o r i t h m  due  t o  
M r .  G F M i l l e r  ( f o r m e r l y  o f  NPL) h a s  been adopted.  To i l l u s t r a t e  i t s  r a p i d i t y ,  
i t  s u f f i c e s  t o  remark t h a t ,  implemented i n  F o r t r a n  on t h e  ICL 2900 sys tem a t  
NPL, e s t i m a t i o n  of t h e  s t a t i s t i c a l  pa ramete r s  o f  s i x  c l o c k s  from 300 e q u a l l y  
spaced sets of c l o c k  i n t e r c o m p a r i s o n  d a t a  r e q u i r e s  less t h a n  1 second of  CPU 
time. Homogeneity e n t a i l s  e s t i m a t i n g  t h e  pa ramete r s  a f r e s h  a f t e r  e a c h  
d a t a - c o l l e c t i o n  d a t e .  The new a l g o r i t h m  makes i t  p o s s i b l e  f o r  t h e  f i r s t  t i m e  
t o  s a t i s f y  t h i s  requirement  a t  a n  a c c e p t a b l e  c o s t  i n  computat ion.  

The g r e a t  speed and accuracy  o f  t h i s  i t e r a t i v e  a l g o r i t h m  a r e  ach ieved  by 
abandoning s t a n d a r d  non- l inea r  o p t i m i s a t i o n  p rocedures  i n  f a v o u r  of  a  
t e c h n i q u e  s p e c i f i c a l l y  t a i l o r e d  t o  t h e  t ime-sca le  problem. To v i s u a l i s e  t h e  
method, c o n s i d e r  a s e t  of  p  c l o c k s  i n t e r r o g a t e d  a t  n  e q u i d i s t a n t  d a t e s .  I n  
p a r t i c u l a r ,  c o n s i d e r  t h e  p n -vec to r s  t h a t  a r e  contemporaneous f i n i t e  t i m e  
sequences  of  f i r s t  d i f f e r e n c e s  of h y p e r t h e t i c a l  i n d i c a t i o n s  o f  z e r o - r a t e d  
c o r r e l a t e s  of  t h e  p c l o c k s .  These  v e c t o r s  form a  b a s i s  f o r  a  p-dimensional  
e u c l i d e a n  space .  It i s  assumed f u r t h e r  t h a t  t h e y  a r e  p a i r w i s e  o r t h o g o n a l ,  a 
c o n d i t i o n  which is approximated c l o s e l y  i f  t h e  c l o c k s  a r e  independen t ,  b u t  
which need n o t  be met e x a c t l y  f o r  t h e  s u c c e s s  of  t h e  method. S t a r t i n g  from a 
set of c lock-var iance  e s t i m a t e s  e a c h  e q u a l  t o  1, and w e i g h t s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e s e ,  t h e  d i f f e r e n c e - v e c t o r  f o r  a  p r o v i s i o n a l  composi te  c l o c k  
( P C C ) ,  w i t h  r e s p e c t  t o  t h e  r e f e r e n c e  c l o c k ,  i s  c a l c u l a t e d  as t h e  weighted mean 
of t h e  d i f f e r e n c e s  of  t h e  p  b a s i s  v e c t o r s  from t h e  r e f e r e n c e - c l o c k  v e c t o r .  
T h i s  y i e l d s  immediate ly  t h e  d i f f e r e n c e - v e c t o r s  f o r  a l l  t h e  c l o c k s  w i t h  r e s p e c t  
t o  t h e  PCC and t h e  cor respond ing  v a r i a n c e - e s t i m a t e s .  These v a r i a n c e  e s t i m a t e s  
a r e  t h e  r i g h t  members i n  a s imul taneous  system o f  p l i n e a r  e q u a t i o n s  i n  t h e  
r e v i s e d  c lock-var iance  e s t i m a t e s  w i t h  c o e f f i c i e n t s  t h a t  a r e  q u a d r a t i c  
f u n c t i o n s  of t h e  w e i g h t s .  The r e v i s e d  c lock-var iance  e s t i m a t e s  y i e l d  updated 
w e i g h t s  w i t h  which t o  b e g i n  t h e  n e x t  s t a g e  of i t e r a t i o n .  

Convergence o f  t h e  a l g o r i t h m  a p p e a r s  a lways  t o  b e  r a p i d ,  b u t  a d e l i c a t e  
t h e o r e t i c a l  s t u d y  i s  r e q u i r e d  t o  e s t a b l i s h  under  what c o n d i t i o n s  t h i s  i s  t r u e  
i n  g e n e r a l .  Although we have r e f e r r e d  above t o  e q u i d i s t a n t  d a t a - c o l l e c t i o n  
d a t e s ,  t h e  method i s  a p p l i c a b l e  t o  u n e q u a l l y  spaced d a t e s  and t h e r e f o r e  t o  
d a t a  a c q u i r e d  u s i n g  non-geos ta t ionary  s a t e l l i t e s  such  a s  GPS. I t  c a n  be 
extended t o  more e l a b o r a t e  s t a t i s t i c a l  clock-models than  t h o s e  assumed i n  t h e  
i n i t i a l  t r i a l .  F u r t h e r  t e s t i n g  and m o d i f i c a t i o n  i s  i n  p r o g r e s s ,  which i n c l u d e s  
t h e  comple t ion  of a  u s e r - f r i e n d l y  o p e r a t i n g  s y s t e m  on t h e  mainframe b e f o r e  
t r a n s f e r r i n g  o p e r a t i o n s  t o  a  d e d i c a t e d  desk- top computer. 



3.4. Disseminat ion.  
The p r i n c i p a l  d i s s e m i n a t i o n  methods f o r  f requency  and t ime  i n  t h e  UK a r e  v i a  
GBR 16 kHz, MSF 60 kHz, Dro i twich  200 kHz, p o r t a b l e  c l o c k  and B r i t i s h  Telecom 
"Timeline" ( s p e a k i n g  c l o c k ) .  Of t h e s e ,  MSF i s  a  d e d i c a t e d  T and F s e r v i c e ,  t h e  
c o s t  of which is  borne by NPL. 

The MSF system was s t a r t e d  i n  1950 w i t h  con t inuous  t r a n s m i s s i o n s  on 2.5,  5 and 
10 MHz i n t e n d e d  t o  s e r v e  t h e  UK and i t s  approaches  and Western Europe. 
I n t e r f e r e n c e  problems have been minimised by i n t e r n a t i o n a l  c o o p e r a t i o n  i n  
a d o p t i n g  s u i t a b l e  f requency o f f s e t s  and modulat ion s c h e d u l e s ,  d e t a i l s  of which 
appear  i n  Report  267 o f  t h e  C C I R  Study Group 7  "Green Book" [ 6 ] .  I n  r e c e n t  
y e a r s  t h e  number o f  u s e r s  has  f a l l e n  and t h e  HF b r o a d c a s t s  from MSF are 
scheduled t o  c e a s e  on 1988 February 29.  The 60 kHz t r a n s m i s s i o n s  w i l l  
c o n t i n u e  . 
An i n i t i a l  one hour t r a n s m i s s i o n  on 6OkHz was extended t o  24 h o u r s  i n  1966. 
Es t imated  r a d i a t e d  power on 60 kHz i s  27 kW, w i t h  t h e  c a r r i e r  i n t e r r u p t e d  once 
p e r  second. BCD (Binary  Coded Decimal) p u l s e  w i d t h  modulated t i m e  i n f o r m a t i o n  
is i n s e r t e d  i n  t h e  c a r r i e r  b r e a k s ,  t o  p r o v i d e  y e a r ,  month, day-of-month, 
day-of-week, hour and minute  i n f o r m a t i o n  i n  t h e  c i v i l  t ime  s c a l e  c u r r e n t l y  i n  
use .  NPL p r o v i d e s  t h e  r e f e r e n c e  s t a n d a r d s  , time-code g e n e r a t o r s  and 
measurement equipment a t  t h e  MSF t r a n s m i t t e r  o p e r a t e d  on beha l f  of NPL by 
B r i t i s h  Telecom I n t e r n a t i o n a l  (BTI) a t  Rugby some 100 km n o r t h  o f  Teddington.  
The s t a n d a r d s  c o n t r o l l i n g  t h e  MSP system have been p r o g r e s s i v e l y  u p r a t e d  from 
t h e  o r i g i n a l  Essen  r i n g  100 kHz c r y s t a l  o s c i l l a t o r s ,  through rubidium g a s  c e l l  
d e v i c e s ,  t o  t h e  c u r r e n t  caesium beam frequency s t a n d a r d  i n s t a l l e d  i n  1976. 
Three  l i n k s  p r o v i d e  performance moni to r ing  of t h e  c o n t r o l l i n g  s t a n d a r d :  
r e c e p t i o n  o f  r e c e i v e d  phase ,  a n  annua l  p o r t a b l e  c l o c k  v i s i t  and r e g u l a r  t i m e  
transfer-by-TV methods. The l a t t e r  u t i l i s e s  common view measurements of a  BBC 
t r a n s m i t t e r  a t  Sandy Heath,  approximately  80 km from bo th  Teddington and 
Rugby. Time t r a n s f e r  p r e c i s i o n  i s  b e t t e r  t h a n  100 n s ,  which e n a b l e s  t h e  
c o n t r o l l i n g  s t a n d a r d  t o  be main ta ined  g e n e r a l l y  w i t h i n  a few p a r t s  i n  10E13 of  
nominal. 

Recept ion of t h e  60 kHz s e r v i c e  i n  t h e  UK i s  predominant ly  by ground wave, 
however, t h e r e  is a n  i o n o s p h e r i c  component which i n c r e a s e s  i n  magnitude a t  
n i g h t  and d u r i n g  t h e  w i n t e r  months. A n a l y s i s  of t h e  r e s u l t s  from t h r e e  
l a b o r a t o r i e s  l o c a t e d  a t  d i s t a n c e s  o f  approximately  115, 140 and 195 km from 
t h e  t r a n s m i t t e r  a t  Rugby shows v a r i a t i o n s  d u r i n g  t h e  w i n t e r  months, i n  t h e  24 
hour mean f requency d e v i a t i o n  which i n c r e a s e s  p r o g r e s s i v e l y  from 2 t o  a b o u t  
10 X 10E12 a t  t h e  g r e a t e s t  d i s t a n c e .  I n  t h e  summer months, t h e  d a i l y  
v a r i a t i o n s  r e p o r t e d  a t  t h e  t h r e e  l o c a t i o n s  seldom exceeded 2  X lOE12. A 
p a r t i c u l a r  r o l e  o f  MSF 60 i s  t o  p r o v i d e  t r a c e a b i l i t y  t o  NPL f o r  l a b o r a t o r i e s  
a c c r e d i t e d  by t h e  B r i t i s h  C a l i b r a t i o n  S e r v i c e  (BCS) f o r  p r e c i s e  f requency and 
t ime i n t e r v a l  measurements. 

The GBR 16 kHz t r a n s m i t t e r  a t  Rugby s h a r e s  t h e  f requency c o n t r o l  provided f o r  
MSF 60. U n t i l  now, t h i s  t r a n s m i t t e r  h a s  provided g l o b a l  coverage  w i t h  
s t a b i l i s e d  c a r r i e r  f requency  and t ime s i g n a l s  in t roduced  a t  s e l e c t e d  t imes  
d u r i n g  t h e  day.  However, w i t h  t h e  i n t r o d u c t i o n  of MSK (Minimum-Shift Keying) 
proposed f o r  la te  1986 o r  e a r l y  1987, t h e  c a r r i e r  w i l l  no l o n g e r  be  r e a d i l y  
a v a i l a b l e  a s  a f requency reEerence.  Never the less  i t  i s  p o s s i b l e  w i t h i n  t h e  
r e c e i v e r  t o  double  t h e  c a r r i e r  f requency t o  produce s p e c t r a l  l i n e s  a t  twice  
t h e  upper and lower s h i f t  f r e q u e n c i e s  which,  a f t e r  s u i t a b l e  f i l t e r i n g ,  e n a b l e s  
t h e  phase-cohsrent c a r r i e r  t o  be r e c o n s t i t u t e d  [ 5 ] ,  It remains  t o  be  s e e n  



whether  any manufacturer  w i l l  a c c e p t  t h e  c h a l l e n g e  of producing such  a  d e v i c e  
and s o  r e t a i n  what has  been t h e  o n l y  t e r r e s t r i a l - b a s e d  g l o b a l  coverage 
s t a n d a r d  f requency  t r a n s m i s s i o n .  

The BBC b r o a d c a s t  t r a n s m i s s i o n  on 200 kHz (due  t o  change f requency t o  198 kHz 
on 1988 February 01) c o n t i n u e s  t o  be  a n  a d d i t i o n a l  u s e f u l  r e f e r e n c e  f requency 
f o r  a  l a r g e  number of u s e r s .  C a r r i e r  f requency i s  d e r i v e d  from a r u b i d i m  
s t a n d a r d  mainta ined w i t h i n  +/-2 X lOEll of t h e  nominal f requency and Is  
c o n t i n u o u s l y  moni tored a t  NPL. Coverage i n  t h e  n o r t h  of t h e  c o u n t r y  i s  now 
improved by a d d i t i o n a l  low-powe r t r a n s m i t t e r s  s i t e d  a t  Burghead and 
Westerglen.  These a r e  c o n t r o l l e d  by independent  r u b i d i u n  o s c i l l a t o r s  which,  
because  of t h e  d i s t a n c e  from NPL, a r e  i m p o s s i b l e  t o  moni tor  a t  NPL, s o  
t r a c e a b i l i t y  t o  n a t i o n a l  s t a n d a r d s  v i a  t h e s e  t r a n s m i t t e r s  i s  n o t  a v a i l a b l e .  
They a r e  however, mainta ined w i t h i n  +/- 2 X l O E l l  o f  nominal by t h e  BBC. 
D e t a i l s  of t h e s e  and o t h e r  n a t i o n a l  s t a n d a r d  f requency  and  t ime  s e r v i c e s  a r e  
c o n t a i n e d  i n  t h e  C C I R  "Green Book" [ 6 ] .  

For  t h o s e  r e q u i r i n g  p a r t i c u l a r l y  p r e c i s e  s y n c h r o n i s a t i o n  t o  t i m e  s t a n d a r d s ,  
NPL o f f e r s  a  time t r a n s f e r  by  p o r t a b l e  c l o c k  f a c i l i t y .  A c h a r g e  i s  made f o r  
t h i s  s e r v i c e  which i s  c a p a b l e  o f  a  t ime  t r a n s f e r  accuracy  o f  b e t t e r  t h a n  50 
n s  . 
A major  s o u r c e  o f  lower  g r a d e  t i m e  t r a n s f e r  i s  o f f e r e d  by t h e  B r i t i s h  Telecom 
"Timeline" o r  speaking c l o c k .  The two independent  q u a r t z  c o n t r o l l e d  sys tems 
p r o v i d i n g  t h i s  n a t i o n a l  s e r v i c e  a r e  synchron ised  d a i l y  by t h e  NPL c a e s i m  
c l o c k  a t  Rugby. "Timeline" i s  a p o p u l a r  f a c i l i t y  a c c e s s e d  by a b o u t  two-thi rds  
of a m i l l i o n  c a l l e r s  each  day.  

3.5. I n t e r n a t i o n a l  Time Coord ina t ion .  --- 
For many y e a r s ,  LORAN C from S y l t  (7970-W) i n  t h e  Norwegian Sea c h a i n  h a s  been 
t h e  mains tay  o f  t h e  time l i n k  from NPL t o  t h e  Bureau I n t e r n a t i o n a l  de  1'Heure 
(BIH). Regular  measurements a r e  made on t h e  automated measurement f a c i l i t y  and 
t r a n s m i t t e d  t o  t h e  B I H  v i a  t h e  Genera l  E l e c t r i c  MK 111. 

S i n c e  1986 February 01,  t h e s e  have been supplemented by d a t a  from t h e  Globa l  
P o s i t i o n i n g  System (GPS) . NPL h a s  t h r e e  independent  r e c e i v e r s .  The an tenna  
p o s i t i o n  of t h e  prime r e c e i v e r  h a s  been determined u s i n g  t h e  i n t e r n a l  
n a v i g a t i o n  programme and r e c e n t l y ,  by c o n v e n t i o n a l  su rvey  t e c h n i q u e s ,  by t h e  
Survey Squadron of t h e  T e r r i t o r i a l  Army. When t r a n s l a t e d  t o  t h e  GPS c o o r d i n a t e  
sys tem,  WGS 72, t h e  two methods a g r e e  t o  w i t h i n  4 m Longitude and 2 .5  rn 
l a t i t u d e .  I n  an endeavour t o  r e s o l v e  t h e  d i sc repancy  between v a r i o u s  methods 
of t i m e  t r a n s f e r ,  t h e  N a t i o n a l  Bureau of S tandards  (NBS) i n  c o n j u n c t i o n  w i t h  
t h e  B I H ,  o r g a n i s e d  a " t r a v e l l i n g "  GPS r e c e i v e r  e v a l u a t i o n .  A d i sc repancy  o f  
approx imate ly  30 n s  needs  i d e n t i f i c a t i o n  and w i l l  be e l i m i n a t e d  from t h e  prime 
r e c e i v e r  when t h e  s o u r c e  h a s  been d i s c o v e r e d .  

A s  p a r t  o f  t h e  assessment  procedure  f o r  a BCS laboratory, i t  i s  necessary t o  
demons t ra te  a p p r o p r i a t e  t r a c e a b i l i t y  t o  N a t i o n a l  S t a n d a r d s .  I n  t h e  c a s e  of a  
new l a b o r a t o r y  r e c e n t l y  e s t a b l i s h e d  i n  Hong Kong, GPS provided a n  e x c e l l e n t  
t ime l i n k  (and hence f requency)  t o  s a t i s f y  t h e  a s s e s s o r s .  

The T & F f a c i l i t y  a t  Teddington i n c l u d e s  two s a t e l l i t e  e a r t h  s t a t i o n s .  The 
f i r s t  c o v e r s  t h e  4-6 GHz band u s i n g  a  10 m d i s h  w i t h  C a s s e g r a i n  c o n f i g u r a t i o n ,  
GaAs FET low n o i s e  a m p l i f i e r  and G/T f i g u r e  o f  m e r i t  of  29.5 ~ B / K .  As p a r t  o f  



a metrology exchange programme w i t h  t h e  USSR, some i n i t i a l  exper iments  have 
been conducted i n  r e c e i v i n g  and measur ing t h e  a r r i v a l  t i m e  of a  r e f e r e n c e  
p u l s e  i n t e r p o s e d  on  l i n e  s i x  o f  t h e  Gorizont  s a t e l l i t e s .  S a t i s f a c t o r y  
r e c e p t i o n  and measurement o f  t h e  w e s t e r l y  s a t e l l i t e  p u l s e  has  been ach ieved  
b u t  poor SIN c h a r a c t e r i s t i c s  p reven t  measurement o f  t h a t  from t h e  e a s t e r l y  
s a t e l l i t e .  U n f o r t u n a t e l y ,  a c c u r a t e  p o s i t i o n a l  c o o r d i n a t e s  a r e  a t  p r e s e n t ,  on ly  
a v a i l a b l e  f o r  t h e  l a t t e r  o f  t h e s e  two s a t e l l i t e s ,  s o  t h e  exper iment  h a s  been 
t e m p o r a r i l y  abandoned. 

The second e a r t h  t e r m i n a l  c o v e r s  11-14 G H z .  I n  t h i s  i n s t a l l a t i o n ,  a  3 rn 
an tenna  i s  coupled t o  a  GaAs FET LNA. G/T i s  22.9 ~ B / K .  The system was used 
e x t e n s i v e l y  d u r i n g  198213 i n  t h e  exper iment  "Time Synchron isa t ion  v i a  OTS-2" 
[7]. I n  t h i s  e x e r c i s e  f o u r  member c o u n t r i e s  o f  t h e  European Conrnunity 
in tercompared t ime s c a l e s  by t h r e e  methods: v i z .  s a t e l l i t e  TV, LORAN C and 
p o r t a b l e  c l o c k .  The r e s u l t s  showed t h a t ,  provided t h e  s a t e l l i t e  c o o r d i n a t e s  
and e a r t h  t e r m i n a l  d e l a y s  were known w i t h  s u f f i c i e n t  accuracy ,  t h e  i n h e r e n t  
u n c e r t a i n t y  i n  t i m e  comparison v i a  t h e  one-way, common view method c a n  be l e s s  
t h a n  20 n s .  

3.6. Research Programme on Time and F r e q u e s  S tandards .  - --.---- 
A t  t h e  beginning of 1983, a survey  o f  t h e  v a r i o u s  t e c h n i q u e s  showing p o t e n t i a l  
a s  f u t u r e  s t a n d a r d s  of t ime  w a s  c a r r i e d  o u t  w i t h i n  t h e  t ime  and f requency  
s e c t i o n  a t  NPL. Two a r e a s  were i d e n t i f i e d  as being of p a r t i c u l a r  i n t e r e s t .  I o n  
t r a p p i n g  t e c h n i q u e s  a r e  now be ing  s t u d i e d  w i t h i n  t h e  D i v i s i o n  of Mechanical 
and O p t i c a l  Metrology, p r i m a r i l y  a s  p o s s i b l e  wavelength s t a n d a r d s .  The second,  
improved a tomic  methods,  now form p a r t  of t h e  D i v i s i o n  of E l e c t r i c a l  Sc ience .  

The i n v e s t i g a t i o n  of t h e  p o t e n t i a l  f o r  u l t r a - s t a b l e  f requency s t a n d a r d s  
o f f e r e d  by laser coo led  t r a p p e d  i o n s  (bo th  i n  microwave and o p t i c a l  r e g i o n s , )  
h a s  been conducted w i t h i n  t h e  s t a b i l i z e d  l a s e r  group a t  NPL. P r e l i m i n a r y  work 
has drawn on t h e  e x p e r t i s e  w i t h  dye lasers f o r  c o o l i n g .  The UHV technology 
n e c e s s a r y  f o r  t h e  c o n s t r u c t i o n  and p r o c z s s i n g  of i o n  t r a p s  h a s  been e s t a b l i s h e d ,  
and i n i t i a l  exper iments  conducted on Mg i o n s  c o n t a i n e d  w i t h i n  a  Penning t r a p .  
Laser  c o o l i n g  of t h e s e  i o n s  was f i r s t  demonstra ted $wo y e a r s  ago u s i n g  a 560 nm 
r i n g  dye l a s e r  r a d i a t i o n  doubled t o  280 nm i n  an  AD P c r y s t a l .  Measured 
l i n e w i d t h s  of t h e  280 nm f l u o r e s c e n c e  e m i t t e d  i n d i c a t e  cooled t empera tu res  
around 100 mK. Subsequent r e s e a r c h  h a s  determined t h e  c h a r a c t e r i s t i c s  of t h e  
v a r i o u s  t r a p  pa ramete rs ,  i n c l u d i n g  o s c i l l a t i o n  f r e q u e n c i e s ,  s t o r a g e  t imes  
and c loud  d e n s i t i e s .  

The l i m i t a t i o n  o f  Mg+ from t h e  viewpoint  of a p o t e n t i a l  t r a p p e d  i o n  i s  t h e  
l a c k  of a  s u i t a b l e  "c lock"  t r a n s i t i o n  of narrow enough n a t u r a l  l i n e w i d t h .  
C u r r e n t l y ,  c o n s i d e r a t i o n  i s  being g iven  t o  o t h e r  p o s s i b l e  c a n d i d a t e s ,  such a s  
Y6+, which do have s u i t a b l e  narrow t r a n s i t i o n s .  I n  p a r a l l e l  w i t h  t h i s ,  a  
narrow l i n e w i d t h  r i n g  dye l a s e r  system i s  be ing  developed t o  probe t h e  t r apped  
ion .  

Improvements t o  a tomic  beam s t a n d a r d s  may be  ach ieved  by t h e  a p p l i c a t i o n  of 
o p t i c a l  pumping t o  s t a t e  s e l e c t i o n  and d e t e c t i o n ,  and by reduc ing  t h e  average 
beam v e l o c i t y  w i t h  l a s e r  c o o l i n g .  It was dec ided  t o  i n v e s t i g a t e  t h e s e  
p o s s i b i l i t i e s  w i t h  caesium beams, as t h i s  e lement  p o s s e s s e s  a combinat ion of 
p r a c t i c a l  advantages .  The a p p l i c a t i o n  of t h e s e  t e c h n i q u e s  t o  e lements  w i t h  
h i g h e r  f requency t r a n s i t i o n s ,  and t h e r e f o r e  p o s s i b l y  h i g h e r  Q-values might 
f o l l o w  a t  a  l a t e r  s t a g e .  I n  bo th  c a s e s ,  l a s e r  d i o d e s  form conven ien t  s o u r c e s  



o f  r a d i a t i o n .  They a r e  p h y s i c a l l y  s m a l l ,  r e q u i r e  l i t t l e  power, and a r e  c a p a b l e  
of s t a b l e  o p e r a t i o n  o v e r  v e r y  l o n g  p e r i o d s .  Most of t h e  p r a c t i c a l  work t o  d a t e  
h a s  been w i t h  t h e  a p p l i c a t i o n  of t h e s e  d e v i c e s .  

Although index-guided l a s e r  d i o d e s  a p p e a r  t o  be  t h e  n a t u r a l  c h o i c e  f o r  t h e s e  
a p p l i c a t i o n s ,  they  p o s s e s s  a number o f  d i s a d v a n t a g e s .  F i r s t ,  t h e y  a r e  
d i f f i c u l t  t o  manufac tu re ,  and a s  a r e s u l t  a r e  n o t  r e a d i l y  a v a i l a b l e  
commercia l ly .  T y p i c a l  d e l i v e r y  t i m e s  f o r  d i o d e s  s p e c i f i e d  t o  o p e r a t e  a t  
wavelengths  c l o s e  t o  t h e  caesium resonance wavelength  of  852 nm a r e  between 6 
and 1 2  months. Second, t h e r e  a p p e a r s  t o  be a  problem w i t h  t h e  long-term 
s t a b i l i t y  o f  t h e s e  d e v i c e s ;  s e v e r a l  g roups  have r e p o r t e d  e i t h e r  d r i f t s  i n  t h e  
wavelength  o r  a g r a d u a l  d e g r a d a t i o n  i n  t h e  o u t p u t  power. I n  a d d i t i o n ,  
index-guided d i o d e s  a r e  very  s e n s i t i v e  t o  small amounts of  o p t i c a l  f eedback ,  
and t h i s  c a n  s i g n i f i c a n t l y  degrade  t h e  s igna l - to - -no i se  l e v e l  ach ieved .  

We have t h e r e f o r e  s t u d i e d  t h e  c h a r a c t e r i s t i c s  of gain-guided l a s e r  d i o d e s ,  
which are more e a s i l y  manufactured and r e a d i l y  a v a i l a b l e .  For  o p t i c a l  pumping 
w i t h  caesium, w e  r e q u i r e  a n  o u t p u t  l e v e l  around 0.1-0.5 mW, w i t h  a  long-term 
s t a b i l i t y  and a bandwidth of  5-10 MHz t o  match t h e  n a t u r a l  bandwidth of t h e  
resonance  t r a n s i t i o n .  A s  shown i n  F i g u r e  3 ,  t h e  o u t p u t  from a gain-guided 
d i o d e  a l o n e  h a s  a complex mode s t r u c t u r e ,  c o n s i s t i n g  of  many modes a b o u t  
0.3 nm a p a r t ,  e a c h  w i t h  a bandwidth o f  a b o u t  5 GHz. It shou ld  b e  no ted  t h a t  
b o t h  t h e  p o s i t i o n  and t h e  shape  of  t h e  mode d i s t r i b u t i o n  a r e  dependent  upon 
t h e  t e m p e r a t u r e  of  t h e  d i o d e  and t h e  c u r r e n t  f lowing  th rough  i t .  

The mode d i s t r i b u t i o n  may be  modi f i ed  by p l a c i n g  t h e  d i o d e  i n  a n  e x t e r n a l  
o p t i c a l  c a v i t y .  F i r s t ,  a  s e m i - r e f l e c t i n g  mirror i s  p l a c e d  a t  a d i s t a n c e  o f  
around 200 mm from t h e  e m i t t i n g  f a c e t  of t h e  d iode .  Nhen t h e  m i r r o r  i s  
a d j u s t e d  t o  be p r e c i s e l y  normal t o  t h e  c o l l i m a t e d  beam from t h e  d i o d e ,  s t r o n g  
o p t i c a l  feedback i s  o b t a i n e d .  T h i s  i n c r e a s e s  t h e  power e m i t t e d  by t h e  d i o d e  a t  
a g i v e n  c u r r e n t ,  and r e d u c e s  t h e  w i d t h  of t h e  mode d i s t r i b u t i o n ,  a s  shown i n  
F i g u r e  4 .  The bandwidth of t h e  i n d i v i d u a l  uodes  i s ,  however, i n c r e a s e d  
somewhat, t o  around 10 G k .  With t h e  i n c l u s i o n  of a t h i n  (100 urn) a i r - spaced  
e t a l o n ,  w i t h  a f r e e  s p e c t r a l  range of  3.7 nm, a s i n g l e  node a t  t h e  r e q u i r e d  
wavelength  may b e  s e l e c t e d  ( F i g u r e  5 ) ,  a l t h o u g h  some t r a n s m i s s i o n  of a d j a c e n t  
modes and o t h e r s  a t  i n t e r v a l s  o f  3.7 nm may a l s o  be observed.  The a d d i t i o n  o f  
a  t h i c k  e t a l o n ,  w i t h  a  f r e e  s p e c t r a l  r ange  o f  10 G H z ,  n o t  on ly  c l e a n s  up t h e  
mode s t r u c t u r e ,  b u t  r e d u c e s  t h e  bandwidth of t h e  r e s u l t i n g  s i n g l e  mode, 
measured w i t h  a c o n f o c a l  Fabry-Perot  spect rum a n a l y s e r ,  t o  around 5 MHz 
( F i g u r e  6 ) .  Both e t a l o n s  a r e  t i l t e d  away from t h e  normal t o  avo id  unwanted 
feedback  i n t o  t h e  d i o d e .  

The r e s u l t i n g  sys tem,  though complex, has  a number of  a d v a n t a g e s ,  A s  t h e  l a s e r  
d i o d e  c u r r e n t ,  o r  i t s  t e m p e r a t u r e ,  i s  v a r i e d ,  t h e  o u t p u t  f r equency  remains  
v i r t u a l l y  c o n s t a n t  u n t i l  i~ 'hops' t o  t h e  a d j a c e n t  t h i c k  e t a l o n  mode 10 GHz 
away. The requ i rements  on t h e  d i o d e  c u r r e n t  and t empera tu re  s t a b i l i t y  a r e  
t h e r e f o r e  much reduced,  t o  abou t  1Z i n  c u r r e n t  and 0 .2  K i n  t empera tu re .  The 
f requency  may b e  tuned by c o n t r o l l i n g  t h e  p l a t e  s e p a r a t i o n  o f  t h e  t h i c k  e t a l o n  
w i t h  p i e z o - e l e c t r i c  t r a n s l a t o r s  (PZTs). A l t e r n a t i v e l y ,  t h e  v o l t a g e  i n p u t  t o  
t h e s e  may b e  used t o  l o c k  t h e  o u t p u t  f r equency  t o  one  o f  t h e  caeslum resonance  
t r a n s i t i o n s ,  u s i n g  a feedback  s i g n a l  f r o n  the a t o m i c  bean o r  a s e p a r a t e  
c a e s i u n - f i l l e d  c e l l .  To d a t e ,  a  nunber  o f  d i f f e r e n t  d e s i g n s  o f  
c a v i t y - s t a b i l i s e d  d i o d e  s o u r c e s  have been t e s t e d .  Two a r e  now under  
c o n s t r u c t i o n ,  t o  e n a b l e  l i n e w i d t h  and long-term s t a b i l i t y  t e s t s  t o  be c a r r i e d  
o u t .  



Recent work [ a ] ,  [9], has shown t h a t  s u b s t a n t i a l  slowing o f  beams of s o d i m  
and caesium atoms may be achieved without  unduly complex experimental  systems. 
There a r e ,  however, a number of  problems i n  t h e  a p p l i c a t i o n  of t h e s e  
techniques t o  t h e  des ign  of a tomic c locks .  The n a t u r a l  divergence of t h e  beam 
is accentuated by t h e  coo l ing  process ,  s o  t h a t  t h e  s i g n a l  ampli tude i s  reduced 
u n l e s s  l a r g e r  beam diameters  a r e  permi t ted .  Also, t h e  motion of slow atoms is  
apprec iab ly  a f f e c t e d  by g r a v i t y .  Atoms wi th  a  h o r i z o n t a l  v e l o c i t y  of 30 m.s -1  
w i l l  f a l l  about 5 mm i n  passing through a  Ramsey c a v i t y  1 m long.  The e f f e c t  
i s  p a r t i c u l a r l y  important  w i th  a broad v e l o c i t y  d i s t r i b u t i o n ,  as i t  
r e in t roduces  t h e  problems of velocity-dependent t r a j e c t o r i e s  which l i m i t  t h e  
performance of convent ional  caesium beam s t anda rds .  With a  cooled beam, 
however, t h e  v e l o c i t y  d i s t r i b u t i o n  of t h e  slow atoms i s  narrow (Figure  7 ) ,  and 
t h e  e f f e c t  may be used t o  s e p a r a t e  t h e  slow atoms from those  una f f ec t ed  by t h e  
l a s e r  cool ing .  It may, of course ,  be avoided by ope ra t i ng  the beam v e r t i c a l l y ,  
but t h i s  r e q u i r e s  more c a r e f u l  magnetic screening t o  e l i m i n a t e  t h e  e f f e c t s  of 
t h e  ear th ' s  magnetic f i e l d .  

F i n a l l y ,  i t  should be noted t h a t ,  i n  e x i s t i n g  methods of  l a s e r  coo l ing ,  t h e  
l a s e r  beam matches geomet r ica l ly  t h e  atomic beam, b u t  is ,  of course ,  
propagat ing i n  t h e  oppos i t e  d i r e c t i o n .  The cooled atoms a r e  t h e r e f o r e  no t  
r e a d i l y  a v a i l a b l e  f o r  feeding i n t o  a  c lock .  Work i s  i n  progress  a t  NPL on a  
l a s e r  beam geometry which i s  intended n o t  only t o  c o o l  t h e  atomic beam, bu t  t o  
reduce t h e  l a t e r a l  divergence,  and t o  l e a v e  t h e  exit reg ion  u n c l u t t e r e d  w i t h  
o p t i c a l  components. An a d d i t i o n a l  advantage i s  t h a t  t h e  l a s e r  beam frequency 
does n o t  r e q u i r e  ch i rp ing  t o  match t h e  Doppler s h i f t  of t h e  slowing atoms. 

3.7. Laser  Frequency Measurement. --- -- 
The NPL l a s e r  frequency measurement work has  r e c e n t l y  been combined wi th  t h e  
Time and Frequency Sec t ion .  I n  t h e  immediate f u t u r e ,  t h e  f i r s t  concern w i l l  
remain t h e  d i ssemina t ion  of l a s e r  frequency s tandards  [ l l ] ,  measurement having 
been extended t o  3.39 ,urn [ 1 2 ]  but  n o t  y e t  t o  576 nm [ 1 3 ] .  I n  t h e  longer  term 
t h e  techniques may provide a  means of  l i n k i n g  t o  t h e  t imesca l e  [14] high 
q u a l i t y  frequency s tandards  a t  i n f r a r e d  o r  h igher  f r equenc i e s ,  such a s  t h e  
heavy molecules i n  gas  c e l l s  [ I S ]  o r  from systems he ld  i n  e lec t romagnet ic  
t r a p s  [16] .  

4 .  FUTURE PLANS ------ 

4.1. Reference Clock S ~ t e m .  - - - -- - - - - -- --- 
Looking ahead t o  p o t e n t i a l  s i n g l e  nanosecond p r e c i s i o n  s a t e l l i t e  t i m e  
t r a n s f e r s ,  a t t e n t i o n  is being g iven  t o  improving t h e  short- term s t a b i l i t y  of 
t h e  re fe rence  c lock  system. Low-j i t t e r  d i v i d e r s  a r e  being obta ined  and t h e s e  
w i l l  be introduced i n t o  t h e  UTC(NPL) chain.  We a l s o  hope t o  purchase a  pas s ive  
H maser f o r  i n s t a l l a t i o n  ad jacent  t o  one s e c t i o n  of t h e  r e f e r ence  c lock  
ensemble where t h e  temperature c o n t r o l  i s  being upgraded t o  ach i eve  +/- 0.2 K 
over  t h e  year .  

4 . 2 1 3 .  Measurement --- ~ a c i l i t y l ~ i m e  -- Scales .  
The long-term p lan  i n  t h i s  a r e a  i s  t o  combine t h e s e  two compu te rope ra t ed  - 
func t ions .  A comprehensive computer and hard d i s c  s t o r a g e  medim have been 
acqui red  and i t  i s  a n t i c i p a t e d  t h a t  t h i s  combination w i l l  c o n t r o l  t h e  



measurement system of F i g u r e  1 and a l s o  perform t h e  t ime  s c a l e  a l g o r i t h m  
computat ion necessa ry  t o  produce a rea l - t ime  p r a c t i c a l  c l o c k .  

4.4. Disseminat ion.  
NPL e n d e z b u r s  t o  monitor t h e  u s e r s  o f  t h e  MSF s e r v i c e  t o  a s c e r t a i n  t h e i r  
views and de te rmine  f u t u r e  requ i rements .  It i s  a l s o  necessa ry  t o  c o n s i d e r  t h e  
c o s t - e f f e c t i v e n e s s  of t h e  n a t i o n a l  T & F d i s t r i b u t i o n  system. T h i s  i s  a  
d i f f i c u l t  t a s k ,  a s  o t h e r  SFT o p e r a t o r s  w i l l  t e s t i f y .  I n  pursuance o f  t h i s  
p o l i c y ,  i t  is proposed t o  withdraw t h e  MSF HF s e r i e s  o f  b r o a d c a s t s  on 1988 
February 29. MSF 60 w i l l  c o n t i n u e  f o r  t h e  f o r e s e e a b l e  f u t u r e  and a n  e x t e n s i v e  
s e r i e s  of upgrades  f o r  t h e  MSF equipment a t  t h e  Rugby Radio S t a t i o n  i s  
c u r r e n t l y  i n  p r o g r e s s .  Improvements are be ing  made t o  t h e  time-code g e n e r a t i o n  
equipment (making f u l l  u s e  of i n t e g r a t e d  c i r c u i t s  t o  r e p l a c e  t h e  d i s c r e t e  
components c u r r e n t l y  i n  u s e  i n  a  number of a r e a s )  and a l s o  i n  t h e  measurement 
and d a t a  hand l ing  a r e a s .  It i s  proposed t o  a c c e s s  t h e  measurement equipment a t  
Rugby v i a  t h e  PSS (Packe t  Swi tch  Stream).  T h i s  w i l l  f a c i l i t a t e  c l o s e r  s t e e r i n g  
of t h e  r e f e r e n c e  s t a n d a r d s  and a l l o w  t h e  s t a n d a r d s  a t  Rugby t o  c o n t r i b u t e  d a t a  
t o  the  NPL ensemble. 

There  is  p o t e n t i a l  i n  LF t r a n s m i s s i o n s  o t h e r  t h a n  MSF 60 kHz. An i n v e s t i g a t i o n  
i s  proposed i n t o  c l o s e r  phase  c o n t r o l ,  p o s s i b l y  l i n k e d  t o  MSF and f o r  phase  
modulated t ime i n f o r m a t i o n  t o  be a p p l i e d  t o  a n  e x i s t i n g  LF wide-coverage 
t r a n s m i t t e r .  NPL i s  a l s o  aware o f  t h e  need t o  c o n s i d e r  d i s s e m i n a t i o n  systems 
f o r  t h e  n e x t  c e n t u r y .  These w i l l  c e r t a i n l y  i n c l u d e  a  measure o f  s a t e l l i t e  
s e r v i c e s ,  p o s s i b l y  us ing  a t ime  r e f e r e n c e  p u l s e  o r  code i n s e r t e d  on unused 
l i n e s  o f  a  DBS (Direct: Broadcast  S e r v i c e )  TV t r a n s m i s s i o n .  More c a r e  a p p l i e d  
t o  s t a t i o n  keeping a n d / o r  a p p r o p r i a t e  methods o f  rang ing  w i l l  be r e q u i r e d  t o  
o b t a i n  t h e  s a t e l l i t e  c o o r d i n a t e s  n e c e s s a r y  f o r  c o r r e c t i o n s  t o  be  g i v e n  w i t h  
t h e  a p p r o p r i a t e  p r e c i s i o n .  

4 . 5  I n t e r n a t i o n a l  Time Coordinat ion.  -*.------- 
There  is no doubt  t h a t  t h e  requ i rements  f o r  i n t e r n a t i o n a l  t i m e  c o o r d i n a t i o n  
w i l l  i n c r e a s e  w i t h  t h e  a v a i l a b i l i t y  o f  improved r e f e r e n c e  s t a n d a r d s  and t h e  
e v o l u t i o n  of more a p p l i c a t i o n s  r e q u i r i n g  p r e c i s e  t ime. NPL i s  p r e p a r i n g  f o r  
t h e  forthcoming i n t e r n a t i o n a l  c o l l a b o r a t i v e  exper iment  u s i n g  t h e  PRN (Pseudo 
Random Noise) t echn ique  r e p o r t e d  by H a r t 1  e t  a l .  [ 8 ] .  A l l  equipment i s  
c u r r e n t l y  t o  hand, i n c l u d i n g  t h e  MITREX Modem, and m o d i f i c a t i o n s  have a l r e a d y  
been made on t h e  geometry o f  t h e  3 m an tenna  by r e c o n f i g u r i n g  t o  C a s s e g r a i n  
o p t i c s  and i n s t a l l i n g  a t r a n s m i t  f a c i l i t y .  Low power t e s t s  w i l l  commence i n  
the  new y e a r .  U n f o r t u n a t e l y ,  the s o u r c e  of UTC(NPL) i s  remote from t h e  e a r t h  
s t a t i o n .  Coax ia l  c a b l e s  have been l a i d  t o  t r a n s m i t  and moni tor  UTC(NPL) a t  t h e  
remote s i t e ,  some 1 km d i s t a n t .  A long-term series of  measurements w i l l  be 
i n a u g u r a t e d  t o  v a l i d a t e  t h i s  t echn ique .  

5 SUMMARY --- --- 
Curren t  a c t i v i t y  i n  t h e  PTTL a r e a  a t  NPL UK has  been p r e s e n t e d .  NPL m a i n t a i n s  
a group of caesium beam r e f e r e n c e  s t a n d a r d s ,  con t inuous ly  in tercompared by a n  
automated measurement system. Research i n t o  t i m e  s c a l e  a l g o r i t h m s  and improved 
r e f e r e n c e  s t a n d a r d s  u s i n g  o p t i c a l  pumping i s  p r o g r e s s i n g .  UTC(NPL) i s  
d i s semina ted  i n  t h e  UK by t h e  MSF s e r v i c e  from t h e  Rugby Radio S t a t i o n .  
I n t e r n a t i o n a l l y ,  NPL p a r t i c i p a t e s  i n  a n  e x t e n s i v e  t ime  c o o r d i n a t i o n  programme 
u s i n g  LORAN C and GPS. NPL c l o c k  d a t a  i s  c o n t r i b u t e d  t o  BIH. An exper iment  h a s  



been i n i t i a t e d  t o  improve i n t e r n a t i o n a l  c o o r d i n a t i o n  t o  t h e  s i n g l e  nanosecond 
l e v e l  c u r r e n t l y  demanded. 
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