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Abstract 

The general availability of LF time signals, 
the compactness and simplicity of the re- 
ceivers, and C-Mos integrated circuits make 
it possible to design reliable, inexpensive 
and unattended synchronized clocks. Battery- 
operated models have an autonomy of 3 years 
and an accuracy of 10 msec. Models with 
temperature-controlled crystal oscillators 
have an accuracy of 100 psec. 

Introduction 

111 There are 5 LF-stations, 4 of which arc in Europe , 
transmitting time siynals and precision carriers continu- 
ously (fig. 1); several more stations transmit time siynals 
regularly but not cont i1 ;uous iy  (Japan, USSR) . A l l ,  these 
transmitters can be used t n  synchro-~ze c:ocks in a 
straightforward wal,. It 1.5 the ?urpose  of i ~ h . i s  paper to 
show that such clocks c s n  be made ~ e r y  r c l i - a b l e  2nd at 
low cost. 

The clocks to Lc d c s c r i : ~ e d  here  ,ire q~. l?~r t rz  clocks, 
which are synchronized bl- the L i l l q . e  s i y n f i l c  l l ld run with 
the rate of their quartz i x l  ~ 1 . 1 ~  abscnc-.e of a useful s i g n a l .  
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F i g .  1: Time S i g n a l  T r a n s m i t t e r s  i n  t h e  LF-Band. 

P r o p e r t i e s  of LF-time s i q n a l s  

The a c c u r a c y  of LF-time s i g n a l s  i s  i n  t h e  100  psec 
r a n g e ;  t h i s  modest a c c u r a c y  i s  s u f f i c i e n t  f o r  a g r e a t  
number of p u b l i c  and i n d u s t r i a l  a p p l i c a t i o n s .  

Ranqe. With a n t e n n a  powers a r o u n d  1 0  kW, t h e  u s e f u l  r a n g e  
o f  the  t r a n s m i t t e r s  i s  3000 k m .  Thus t r a n s m i t t e r  WWVB 
c o v e r s  t he  c o n t i g u o u s  U n i t e d  S t a t e s  a d e q u a t e l y ,  whereas 



t h e  4 European t r a n s m i t t e r s  a r e  i n  effect l a r g e l y  redundant .  

R e c e i - v e r s .  LF-waves can be received i n s i d e  most b u i l d i n g s  
and pene t r a , t e  rnariy rneters underground. T h e  antenna can 

t h e  r e c e i v e r  ( f i g .  4 )  , ar,d i?lily i:-1 r a r e  cases i s  it neces- 
s a r y  -to s e p a r a t e  antenna and  recei~v-r o>- :able. 

Noise and i n t e r f e r e n c e .  ii cl is t i  n c t  r-idx7rir1t.ai-re of  [..he.  band 
compared to s h o r t  w a v c c  l.5 :.he n e a r l :  t n L z . 1  iibseRce of 

t o  be  harmless .  Nolse ,  on t he  c o n t r a r y ,  i s  abundant in t h e  

I LF-band, and it i s  both man-made and n a t u r a l  ( f r o m  

I i n  a  1 0  1i.z handwidth,  t o  a f i e l d  s t r cng , th  of 1.00 uV/m in a  
no i sy  b u i l d i n g ,  30 p ~ / m  i.n a c i t y  s t r e e t ,  and 1 pV/m i n  

I Reception of the  time siqnals i s  no t  con.tinuous bu t  

I There a r c  s e v e r a l  reasons  for t h i s :  1) Scheduled s h u t d n w n s  

may t empora r i l y  o b l i t e r a t e  t h e  s i g n a l .  3)  Beyond 3000 k m  a 
u s e f u l  s i g n a l  i s  a v a i l a b l e  on ly  a t  n i g h t .  4 )  Fading may 
o c c a s i o n a l l y  cance l  t h c  s i g n a l  a t  distances as s h o r t  as 
500 km, e s p e c i a l l y  a t  sLi;-\rlse ;lnd sur;set  . 

I The intermit- ier: t  c l l a r ac t e r  cf t h c  rec:eived tj.me 
s i y n a l s  w a s  ta lcen l!it-c) acco~.~r-it II-1 t h e  spec-i f i c a t i o l l s  of 

1 o u r  a usefi.11 s iur la i  must be u r e s e n t  o n l v  a'r>o~l+ 

may occur .  

The l o c a l  t i m e  1 3 2 s ~  nf  a s t r n r h r n n i  7 ~ d  r l n ~ k  n-r~,c+ 

dur iny  a  few days znd restore c o r r e c t  s y n c l ~ r o ~ ~ i z a t i o n  when 
r e c e p t i o n  of  t h e  s i g n a l  i s  resumed. 

A q u a r t - z  c lock wi thout  t empera ture  c o n t r o l  w i l l  drift 
by s e v e r a l  p a r t s  in l o 3  i n  t h e  worst c a s e .  This means a 



during an interruption lasting several days. Thus the clock 
will be correctly updated if it locks itself to the nearest 
minute. However, it would clearly fall out of step if it 
were simply locked to the nearest second pulse. Its "normal" 
accuracy, during continuous reception, will of course be 
much better, say + L O  msec. 

For applications where a millisecond accuracy must be 
preserved also during interruptions of the time signals, we 
must impose rather severe specifications on the local time 
base. Since less than one millisecond in several da s means 4; a frequency accuracy of the order of one part in 10 , the 
local oscillator will have to be a very good quartz, with 
digitally memorized frequency control. 

We will discuss below in more detail these two cases. 

Fig. 2 : Battery operated public clock. 
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Fig. 3 : Schematic diagram of publ ic  c lock .  

S t r e e t  Cloclc 

The f i r s t  clock i s  f o r  genera l  time d i sp lay  t o  the  
publ ic  (figs. 2 ,  3 ) .  The clock has two d i a l s  with a diame- 
t e r  of 90 cm; i t s  advantage i s  t h a t  l i t  i s  cornpletely 
autonomous and does not need any connecting wires from 
outside. It i s  powered by 3 type D dry cells and has an 
autonomy of about 3 years. The e l e c t r o n i c  p a r t  c o n s i s t s  of 
one pr in ted  c i r cu i t .  board (fig. 4)  , includi i~c;  r e c e i v e r ,  
antenna, i n t e r n a l  c lock,  and a n  o u . t p u i  stage t o  drive t h e  
hands. The i n t e r n a l  t i m e  base i s  an uncompensated quar tz  
a t  the  watch frequency of 3 2 7 6 8  H z .  The rece ive r  i s  des i -  
gned t o  be as simple and compact as poss ib le :  The antenna, 
a ferrite rod ,  i s  followed by a preampl i f ie r  s t a g e  a t  7 5  
kHz and two IF-stages a t  1 2 7 2  Hz. The l o c a l  o s c i l l a t o r  
frequency i s  der ived from t h e  time base o s c i l l a t o r ,  t h e  
tuned c i r c u i t s  a r e  f e r r i t e  pot cores ,  t h e  o v e r a l l  bandwidth 
i s  1 2  H z .  The minimum f i e l d  s t r e n g t h  for c o r r e c t  operat ion 
is 50  p ~ / m ,  a s e n s i t i v i t y  s u f f i c i e n t  f o r  HBG throughout 



Europe.  A b e t t e r  s e n s i t i v i t y ,  down t o  abou t  2 pv/rn, c a n  be  
achieved with a b e t t e r  a n t e n n a ,  b u t  the i n c r e a s e  i n  c o s t  
and size i s  h a r d l y  w a r r a n t e d ,  a s  t h e  lower l i m i t  i s  g e n e r a l -  
l y  s e t  by  e x t e r n a l  n o i s e  r a t h e r  t h a n  by r e c e i v e r  n o i s e .  

F i g .  4 : E l e c t r o n i c  module of a synchron ized  c l o c k .  

The enve lope  of t h e  c a r r i e r  i s  d e t e c t e d  and the  minute-. 
marker i s  i d e n t i f i e d  among the  second p u l s e s .  The format  o f  
the minute  markers  is d i f f e r e n t  f o r  each  t r a n s m i t t e r .  

The quartz f requency  i s  d i v i d e d  down t o  t he  minute ;  
t h e  d i v i d e r  h a s  t w o  c o u n t i n g  r a t e s ,  one f a s t e r  and one 
s l o w e r  t h a n  t h e  nominal by 1 p a r t  i n  l o 4 .  I f  the  minute  
p u l s e s  from t h e  t r a n s m i t t e r  precede t he  minute  p u l s e  of the  
l o c a l  t i m e  b a s e ,  t h e  d i v i d e r  i s  m a i n t a i n e d  i n  t he  f a s t  s t a -  



te, and v i c e  versa. ~ y n c h r o n i z a t i o n  1s t h u s  approached a t  
t h e  r a t e  of 0 . 3 6  second per hour .  Tn t h e  p r e s e n c e  of n o i s e  
o r  i n  t h e  absence  of t h e  s i g n a l ,  s p u r i o u s  minute markers  
w i l l  be d e t e c t e d .  To d i s c r i m i n a t e  a g a i n s t  t h e s e ,  t h e  i n -  
coming minute  p u l s e s  a r e  counted  i n  an  up/down c o u n t e r ,  
up d u r i n g  t h e  f i r s t  h a l f  of  t h e  hour and down d u r i n g  t h e  
second h a l f ;  a t  t h e  end of t h e  hour t h e  s i g n  of t h e  re- 
s u l t i n g  coun t  i s  t r a n s f e r r e d  t o  c o n t r o l  t h e  r a t e  ( f a s t  
o r  s low)  of t h e  t ime  base d i v i d e r .  S i n c e  t h e  s p u r i o u s  r n i -  
nute s i g n a l s  a rc  random i n  t i m e ,  t h c i r  e f f e c t  w i l l  cancel. 

T h e  power coiisurnptiol? of t h e  e l_cctronic  p a r t ,  e x c l u d i n g  
the o u t p u t  stages, i s  5 0  buy at 4 V o l t s .  The o u t p u t  s t a g e s  
which d r i v e  t h e  hands consume abou t  f o u r  t i m e s  more. The 
s t e p p i n g  motors which d r i v e  t h e  minute  hands o r ,  i n  a n o t h e r  
model,  t h e  second hands, a r e  c o n v e n t i o n a l  secondary  c l o c k  
movements. 

The number of  components has  been k e p t  a s  low a s  
p o s s i b l e ,  t o  improve r e l i a b i l i t y  and a l s o  t o  minimize 
c o s t s .  There  a r e  abou t  100 components,  i n c l u d i n g  15 t r a n -  
s i s t o r s  and  6 C-Mos i n t e g r a t e d  c i r c , ~ l i t . s .  The f a i l u r e  r a ' t e ,  
a s  e s t i m a t e d  from a  sample of 300 c l o c k s ,  o p e r a t e d  d u r i n g  
t h r e e  y e a r s  i n  d i f f e r e n t  c l i m a t e s  and env i ronments ,  i s  2 % 
p e r  y e a r  and p e r  c l o c k .  

The p r i n t e d  c i r c u i t  board r e q u i r e s  abou t  h a l f  an  hour  
t o  assemble. The l o w  c o s t  of  t h i s  c lock  i s  a p p a r e n t  from 
t h e  f a c t  t h a t  t h e  cos t  of t h e  e l e c t r o n i c  module ( t y p i c a l l y  
$ 1 0 0 )  i s  o n l y  a s m a l l  p a r t  of t h e  t o t a l  hardware ,  i . e .  
c a s i n g ,  d i a l s  and hands.  

I n  what r e s p e c t  c o u l d  t h i s  p u b l i c  c l o c k  he improved ? 

F i r s t ,  the autonomy of 3 y e a r s  c a n  br, ~~ro lo r i c jed .  I t  i s  
now l l m l t c d  by t h e  power needed t o  drive t h e  hands and by 
t h e  s h e l f  l l f e  of  a l c n l l n e  d ry  c e l l s .  The l o n g e r  s h e l f  l i f e  
of l l t h l u m  b a t t c r ~ c s  w o u l d  be a n  advan tage ,  b u t  t h e s e  a r e  
n o t  y e t  available a t  r e a s o n a b l e  c o s t .  The e f f l c l e n c y  of 
t h e  electromechanical motors c o u l d  also bc improved. L l q u i d  
c r y s t a l  d i s p l a y s  a r e  a  more remote p o s s l b l l l t y .  

Second,  a l l  i n t e g r a l e d  c i r c u i , L s  c o u l d  be r e p l a c e d  by 
one s i n g l e  custom made c h i p .  B L I ~ ,  ever! i f  it becomes 
economica l ,  t h i s  s o l u t i o n  i s  w a r r a n t e d  on ly  i f  r e c e i v e r  and 
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t h e  4 European t r a n s m i t t e r s  a r e  i n  effect l a r g e l y  redundant .  
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during an interruption lasting several days. Thus the clock 
will be correctly updated if it locks itself to the nearest 
minute. However, it would clearly fall out of step if it 
were simply locked to the nearest second pulse. Its "normal" 
accuracy, during continuous reception, will of course be 
much better, say + L O  msec. 

For applications where a millisecond accuracy must be 
preserved also during interruptions of the time signals, we 
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s l o w e r  t h a n  t h e  nominal by 1 p a r t  i n  l o 4 .  I f  the  minute  
p u l s e s  from t h e  t r a n s m i t t e r  precede t he  minute  p u l s e  of the  
l o c a l  t i m e  b a s e ,  t h e  d i v i d e r  i s  m a i n t a i n e d  i n  t he  f a s t  s t a -  



antenna can a l s o  be s u b s t a n t i a l l y  miniatur ized.  This i s  a  
d i s t i n c t  p o s s i b i l i t y  which could lead  t o  t h e  design of small  
t a b l e  

The r a d i a t e d  power of t h e  LF-transmitters i s  now about 
10 kW. One migh,k th ink  that increas ing  t h i s  power would be 
h e l p f u l  t o  t h e  use r s .  The experience we have accumulated 
over s e v e r a l  years  with more than 500 clocks i n  seve ra l  
coun t r i e s  i n d i c a t e s  t h a t  t h e r e  was no ins tance  where power 
was t h e  l i m i t i n g  f a c t o r .  The few cases ,  where s i g n a l  was 
i n s u f f i c i e n t  because of sh ie ld ing  by t h e  bu i ld ing ,  were 
solved by p lac ing  t h e  antenna i n  t h e  v i c i n i t y  of a window, 
b u t  they could not have been solved by a  t e n f o l d  increase  
i n  power. Increas ing  t h e  power thus  appears as  a  use less  
waste of energy. 

Summer Time 

An important opt ion which i s  a v a i l a b l e  with t h e  type 
of clock discussed above is  t h e  automatic s e t t i n g  of day- 
l i g h t  saving t ime. With a  coded message from t h e  HBG 
t r a n s m i t t e r  t h e  clocks a r e  advanced o r  r e t a rded  by exac t ly  
one hour. A s  t h e  da tes  of t h e  time change a r e  not t h e  same 
i n  d i f f e r e n t  coun t r i e s  i n  Europe, each country i s  addressed 
by a  d i f f e r e n t  code. The code c o n s i s t s  of 8 b i t s  produced 
by lengthening t o  0 . 2  sec t h e  second pulses  number 3 t o  10 
of each minute. I t  i s  repeated each minute during t h e  n ight  
of the  time change. 

The decoder i n  t h e  clock i s  made i n  such a  way a s  t o  
r ece ive  t h e  c o r r e c t  message with a f a i r  p r o b a b i l i t y  a l s o  i n  
t h e  presence of no i se ,  bu t  s o  a s  t o  make it near ly  impos- 
s i b l e  f o r  s t rong  noise  t o  s imula te  a  spurious order  for a 
t ime change. This  system has been t e s t e d  and i n s t a l l e d  
success fu l ly  i n  s e v e r a l  European coun t r i e s .  

Time Codes 

Severa l  LF-transmitters , including WWVB, t ransmi t  a 
time code i n  add i t ion  t o  t h e  time s i g n a l s .  These time codes 
convey once every minute t h e  complete information about 
t ime,  d a t e  and year i n  a  BCD format,  by prolonging t h e  



second pulses  by v a r y i n g  amounts. These time codes a r e  

complete cloclc. W e  contend that these time codes b r ing  
more drawhacks than advantaqes : 

need an i n i t i a l  s e t t i n y  as  i s  requi red  by a  clock t h a t  
i s  locked on the  neares t  minute m a r l c e r  . t . h ~  fnrm~r r l  n r l c  

t h e  l a t t e r .  Experience shows t h a t  i f  t h e  l a t t e r  i s  s e t  
c o r r e c t l y  when switched on, it w i l l  never f a i l  unless  a  
component fails, and i n  " th is  case updating by a time 
code would  not be a  remedv e i t h e r .  

minute markers. Indeed, the format of t h e  minute mark- 
e r s  s h o u l d  have the  two p r o p e r t i e s ,  of  being e a s i l y  
recoverable  i n  t h e  presence of noise but not e a s i l v  

of t h e  t i m e  code. 

- A time code f i l l s  ua t h e  information c h a n n e l  a v a i l 2 h l ~  t n  

used more e f f i c i e n t l y  t o  broadcast  l e s s  redundant mes- 
sages of genera l  p u b l ~ c  i n t e r e s t ,  c . y .  automatic fore-  
warnings of storms and o ther  emergencies f o r  many 
d i f f e r e n t  regions whlc1-1 can be addressed ind iv idua l ly  or  
c o l l e c t i v e l y .  

I 
I Clock with 1 0 0  microsecond accuracy 

A n  accuracy of 100 psec l n  a noisy environment can be 
obtained with an  automatic r ece ive r  c lock ,  a t  the  c o s t  of 
an approximately t e n f o l d  increase  i n  complexity and p r i c e .  

- 
f e a t u r e s  : 





- Temperature c o n t r o l l e d  10 MHz o s c i l l a C o r  with aging r a t e  
l e s s  t han  1 p a r t  l o 9  pe r  day.  

- S e p a r a t e  handl inq  of t h e  second  markers and minute 

I This  c lock  has been implemented with about  60  C-Mos  
i n t e g r a t e d  c i r c u i t s .  Work i s  i n  p roqress  t o  ach ieve  t h e  

I t h a t  C-Mos microprocessors ,  necessary  h e r e  because of t h e i r  
low power drain, a r e  no t  y e t  s u f f i c i e n t l y  s o p h i s t i c a t e d  t o  

I We have a l s o  des igned q u a r t z  c locks  t i e d  t o  t h e  

o s c i l l a t o r s  w i l l  not hold t h e  c o r r e c t  c y c l e  of  LOO k ~ i  
d u r i n g  an i n t e r r u p t i o n  of the t r a n s m i t t e r ,  our  c locks  
c o n t a i n  two q u a r t z  o s c i l l a t o r s ,  each locked t o  a d i f f e r e n t  

o s c i l l a t o r  locks  t o  the other o s c i l l a t o r .  Since s imul taneous  
f a i l u r e s  of two Loran-C s t a t i - o n s  a r e  extremely u n l i k e l y ,  
t h e  r e s u l t i n g  c lock  i s  very  r e l i a b l e .  I t s  l o w  power 
consumption (0.5W), low c o s t  and submicrosecond accuracy 
cannot  be matched by any commercial atomic c lock .  
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Fig. 6 : Schematic Diagram of Losan-C clock t i .ed to t w o  
different Loran-C s t a t i o n s .  
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