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INTRODUCTION 

During t h e  l a s t  d e c a d e  the  rapid growth of time'frequency 

technology h a s  brought forth various requirements which h a v e ,  i n  s o m e  

c a s e s ,  exceeded  the  capab i l i t i e s  of the  ava i l ab le  s e r v i c e s .  Conse -  

quent ly ,  many new schemes have  been proposed,  and  some implemenled,  

t o  t r ans fe r  time a n d  time interval from one  geographic locat ion  t o  another .  

These schemes  vary from the  physica l  t ransportat ion of ~ r e c i s i o n  s t a n -  

da rds  and  c l o c k s ,  to  the  u t i l iza t ion  of electromagnetic  emiss ions  from 

ground-based a s  wel l  a s  airborne and  earth s a t e l l i t e  s o u r c e s .  For 

economic r e a s o n s  most of the l a t t e r  schemes  involve t h e  piggybacking 

of t h e  time se rv ice  on  exis t ing  o r  proposed communicat ions,  navigat ion ,  

o r  o the r  types  of s y s t e m s .  This paper desc r ibes  PTTI d isseminat ion  on one 

such  sys tem,  the  LORAN-C navigat ion s y s t e m .  Emphasis is p laced on 

those  advantageous  cha rac te r i s t i c s  which a r e  of the g r e a t e s t  in teres t  t o  

potential  u s e r s  whi le  a t  the  same t ime equal  time is g iven t o  sys tem 

l imi ta t ions .  At t h i s  point in time /frequent y technology growth, there is 

no s ing le  sys tem which is a nanacea  for PTTI u s e r  requirements.  

BACKGROUND 

The LORAN-C Navigation System w a s  conceived a s ,  and primarily 

s e r v e s  a s ,  a long-range prec is ion  hyperbolic  navigat ion sys tem which 
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typica l ly  offers use r s  severa l  hundrctl f e e t  positiori accuracy  a t  ranges  

in e x c e s s  of 1000 naut ica l  mi les .  ''I Howevei , in r ecen t  yea r s  improve- 

ments to the  sys tem have resul ted  in increased rel iabi l i ty a n d  accuracy  

and have  offered a modem for anci l la ry  u s e s  includinq ranqe-rarlqc mode 

Czl navigation (both intra- and inter-chi] I n) , cornrriunica Lions , 

and  PTTI. The ab i l i ty  of the sys tem t o  be  ut i l ized for d isseminat ion  of 

PTTI de r ives  from the  excel lent  long-term s tab i l i ty  of the atomic frequen- 

c y  which a r e  used  to control the  emiss ions  from the  individual  T,OKAN-C 

s t a t i o n s .  Ces ium beam frequency s tandards  a r e  ins ta l led  a t  a l l  

LORAN-C s ta t ions  and provide the  fundamental source  of timing n e c e s -  

s a r y  for both the  navigat ion and PTTI func t ions .  By se t t ing  the  fre-  

quency  of the  s tandards  t o  a convenient  s c a l e ,  currently Universal  

Coordinated Time (UTC) , the  emiss ions  themselves  become a re l iable  

f requency reference ,  and the  pulsed  format a l lows  the  recovery of epoch 

information. S ince  a common frequency source  i s  used  a t  e a c h  s t a t i o n ,  

the  pu l se  interval  and carr ier  p h a s e  information a r e  coherent .  

The LORAN r a t e s  a s s i g n e d  t o  the  individual LORAN-C c h a i n s  se rve  

t o  identify the  t ransmiss ions  of o n e  chain  from ano the r ,  e l iminate  mutual 

in ter ference ,  and optimize the  signal- to-noise rat io for the  part icular  

cha in  geographic configurat ion.  The t ransmiss ions  a r e  in the  form of  

groups of n ine  p u l s e s  from the  master  s ta t ion  and eight  from the slave 

s t a t ion .  The leading edge  of the transmittcd nu l se  envelope  can  be 
2 -at  

approximated b y  the  express ion e!t) = t  6 , where n is  chosen  to 

maximize the  express ion  for t  equal  t o  65-70 sets. Mgure I i l l u s -  

t r a t e s  the  normalized ideal  LORAN-T, pulse  leading edge  for two values  

of a .  By def in i t ion ,  the  star t  of the  LORAN-C pulse  i s  tha t  ~ o i n t  which 

precedes  the  third t o  fourth RF' cyc le  zero cross ing b y  3 0  secs . 'l'hi s Y 
third to  fourth cyc le  zero cross ing i s  a l s o  the  nor-ma1 receiver  phase  

tracking point ,  s i n c e  i t  u sua l ly  y ie lds  t h e  inaxirnum s ignal - to-noise  

ra t io  without skywave contamination.  Phase coding of the  individual 
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p u l s e s  wl th in  a  pu l se  group i s  employed t o  reduce  s k y w i ~ v e  a n d  other  

i n t e r f e rence .  Pos i t ive  p h a s e  c o d e  rneans the  f i r s t  RF c y c l e  s t a r t s  in  a 

pos i t ive  d i r ec t ion .  Neqat ivc  p h a s e  c o d e  I S  1 8 0 "  in  oppos i t ion  t o  pos i t i ve  

p h a s e  c o d c .  The p u l s e  group forrrlat a n d  p h a s e  c o d e  format  a r e  i l l u s t r a t ed  

in  Figure 2 . 

The mas te r  s t a t i on  b l inks  t h e  ninth p u l s e  to  i nd ica t e  t h a t  o n e  or  

more of t h e  c h a i n  l e g s  a r e  unusab le  for nav iga t ion .  The n in th  p u l s e  i s  

bl inked in  t h e  Morse  code  for  t he  c h a r a c t e r  R (---) followed b y  o n e ,  t w o ,  

t h r e e ,  o r  four d o t s  (.) ind ica t ing  unusab i l i t y  of t h e  X ,  Y, Z ,  o r  W 1 e g s ,  

r e spec t ive ly .  The bl ink in te rva l  i s  twel1.e s e c o n d s .  The s l a v e  s t a t i o n s  

b l ink  the i r  f i r s t  two pu l se s ;  on for  0 . 2 5  s e c o n d s ,  off for 3 . 7 5  s e c o n d s  

!approximate) t o  i n d i c a t e  tha t  t he i r  r e spec t ive  legs a r e  u n u s a b l e .  

There a r e  e ight  LORAN-C c h a i n s  a t  p r e s e n t ,  a l l  l oca t ed  in t he  

Northern Hemisphere .  Table I  1 i s t s  t he  per t inent  d a t a  for  a l l  LORAN-C 

s t a t i o n s  a n d  r e f l e c t s  r ecen t  c h a n g e s .  

TIMING A IJORAN-C CHAIN 

LORAN-C c h a i n s  a r e  t imed by  synchroniz ing  t h e  t r a n s m i s s i o n s  of 

t h e  mas t e r  s t a t i o n  to the  IJ .  S . Naval  Observatory mas te r  c l o c k .  No 

s p e c i a l  p rocedures  a r e  required a t  t he  s l a v e  s t a t i o n s ,  s i n c e  t h e y  a r e  

a l r e a d y  synchronized  t o  t he  mas t e r  s t a t i on  l-o f u l f i l l  Lhe naviga t ion  re -  

qu i rement .  S ince  most  LORAN basj.c a n d  s p e c i f i c  r a t e s  a r c  not  s u b -  

mul t ip les  of o n e  s e c o n d ,  there  i s  on1 y per iodic  co inc idence  be tween t h e  

LORAN p u l s e  groups  arid a En ive r sa l  Time Second (1-J 'YS,  a  s e c o n d  on  the 

Universa l  Time Sca le )  . Tor example ,  co inc idence  o c c u r s  e v e r y  3 s e c o n d s  

for r a t e  SHO but  o n l y  o n c e  eve ry  999 s e c o n d s  for ra te  SS1. Table T T  

i l l u s t r a t e s  t h e  b a s i c  and  s p e c i f i c  LORAN r a t e s ,  and  the ueriod be tween 

c o i n c i d e n c e s  for t h e  r a t e s .  Because  of t he  typ ica l ly  long b a s e l i n e s  

be tween s t a t i o n s ,  LORAN r a t c s  L a n d  I1 a r e  n o t  u s e d  in t he  LORAN-C: 

s y s t e m .  I.'o provide knowledge of spec i f i c  c o i n c i d e n c e s  for t h e  c h a i n s  
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CHAIN 

TABLE I ,  LORAN C STATION INFORMATION 

RATE STATIONS 

U. S.  EAST COAST SS7 M C a r o l i n a  Beach,  N . C .  1 , 0 0 0  
W J u p i t e r ,  F l a .  1 3 , 6 9 5 . 4 8  400 
X Cape Race ,  Newfoundland 36 ,389 .56  2 ,500  
Y Nan tucke t  I s . ,  Mass. 52 ,541 .27  400 
Z Dana,  I n d .  6 8 , 5 6 0 . 6 8  400 

MEDITERRANEAN SL1 M S i m e r i  C r i c h i ,  I t a l y  300 
Y T a r g a b a r u n ,  Turkey  32 ,273 .28  300 
Z E s t a r t i t ,  S p a i n  50 ,999 .68  300 

NORWEGIAN SEA SL3 M E j d e ,  Fa roe  Is. 400 
W S y l t ,  Germany 30 ,065.69  400 
X Bo, Norway 1 5 , 0 4 8 . 1 6  300 
Y Sandur ,  LceLand 48 ,944 .47  -1,500 
Z J a n  Mayen, Norway 63 ,216 .20  300 

NORTH ATLANTIC SL7 M Ang i s soq ,  Greenland  500 
W Sandur ,  I c e l a n d  1 5 , 0 6 8 . 1 0  L ,500  
X E j d e ,  Faroe  Is .  27 ,803 .80  400 
Z Cape Race ,  Newfoundland 48 ,212 .80  2 ,500  

NORTH PACIFIC SH7 M S t .  P a u l ,  P r i b i l o f r  Is. 400 
X A t t u ,  A l a s k a  1 4 , 8 7 5 . 3 0  400 
Y P o r t  C l a r e n c e ,  A la ska  31 ,069 .07  1 , 8 0 0  
Z S i t k i n a k ,  A la ska  45 ,284 .39  400 

CENTRAL PACIFIC S1 M J o h n s t o n  1s. 
X Upolo P t  . , l i awai i  
Y Kure ,  Midway I s l a n d s  

NORTHWEST PACIFIC SS3 M Iwo J i m a ,  Bonin l s l a n d s  
W Marcus I s l a n d  
X Hokkaido,  J a p a n  
Y Gesashi  , Okinawa 
Z Yap, C a r o l i n e  I s l a n d s  

SOUTHEAST ASIA SH3 M S a t t a h i p ,  T h a i l a n d  
X Lampang, 'Thai1 and 
Y Con Son,  S o u t h  Vietnam 
Z Tan My, Sou th  Vietnam 



TABLE 11. BASIC AND SPECIFIC RATE AND COINCIDENCE INFORMATION. 

BASIC AND SPECIFIC RATES: (pulse group repetition interval in microseconds) 

Basic S - S ti - SL - S S - 
S p e c i f i c  

0 50 ,000  60 ,000  80 ,000  100 ,000  
1 49 ,900  59 ,900  79 ,900 99 ,900  
2 49 ,800  59 ,800 79 ,800 99 ,800 
3 49 ,700  5 9 , 7 0 0  79 ,700 99 ,700  
4 49 ,600  59 ,600  79 ,600 99 ,600 
5 49 ,500  59 ,500  79 ,500 99 ,500 
6 4 9 , 4 0 0  59 ,400  79 ,400 99 ,400 
7 49 ,300  59 ,300  79 ,300 99 ,300  

PERIOD OF TIME BETWEEN UTS AND LORAN RATE COTNCIDENCES: (in seconds) 

Basic  - S S H - S L - - - 
S p e c i f i c  

0 1 3 2 1 
1 499 5 9 9 799 999 
2 249 2 9 9 39 9 4 9 9 
3 497 597 797 997 
4 3 1 149 199 249 
5 9 9 1 1 9  159  199 
6 247 297 3 9 7 497 
7 493 593 793 993 



in  ope ra t ion ,  nul l  ephemer i s  t a b l e  h a s  been  d e v i s e d  by  t h e  U S Naval  

Observa tory  (USNOI . A s  a n  in i t ia l  a rb i t ra ry  e p o c h ,  a l l  LORAN-C master  
h  s 

s t a t i o n s  a r e  a s s u m e d  t o  have  t ransmi t ted  the i r  f i r s t  o u l s e  a t  00  00 , 

1 January 1958. The per iodic  c o i n c i d c n c c s  a r c  thlls computed from t h i s  

epoch  and  a r e  t abu la t ed  in  nul l  ephemer is  t a b l e s ,  cover ing  a full  y e a r ,  

wh ich  a r e  publ i shed  by  t h e  USNO in Time Serv ice  Announcement ,  

Se r i e s  9 .  

W h e n  a mas te r  s t a t i on  i s  synchronized  t o  UTC, s p e c i a l  equipment  

i s  i n s t a l l ed  i n  order  t o  ensu re  the  PTTI r e l i ab i l i t y .  This  equipment  in-  

c l u d e s  mult iple  c e s i u m  s t a n d a r d s ,  redundant  r a t e  gene ra t ion  and  time-of- 

d a y  d e v i c e s ,  a n d  suf f ic ien t  ba t te ry  power t o  w i ths t and  ex tended  Dower 

f a i lu re s .  Only  a c a t a s t r o p h i c  fai lure  would o reven t  t h e  s t a t i o n  from 

knowing i t s  co r r ec t  t ransmi.ss ion t ime .  Ei7er1 in  that  e v e n t ,  t h e  sl-ave 

s t a t i o n s  o r  s y s t e m  monitor cou ld  d i r ec t  t h e  repos i t ion ing  of t h e  mas t e r  

t r a n s m i s s i o n s ,  The s p e c i a l  equipment  a l s o  al . lows t h e  mas t e r  s t a t i on  t o  

t ransmi t  a n  add i t i ona l  p u l s e ,  o n c e  ne r  s econd  (1 p p s ) ,  wh ich  a u s e r  wi th-  

in  r ange  may u t i l i ze  t o  recover  o r  main ta i !~  t ime.  'I'his 1 pps t r a n s m i s s i o n  

is inhib i ted  during t h e  t ime tha t  i t  is co inc iden t  wi th  t h e  m a s t e r ' s  normal 

p u l s e  group.  Use r  t echn iques  wi l l  b e  a d d r e s s e d  l a t e r  in  t h i s  paper .  

The t r a n s m i s s i o n s  from timed 1,ORAN-C c h a l n s  a r e  monitored by  

s p e c i a l  Time Monitor S ta t ions  within the prime cove rage  a r e a .  The 

r ead ings  t a k e n  by t h e s c  s t a t i o n s  arc forwarded to t h e  i!SNO, c o r r e l a l e d ,  

a n d  then  publ i shed  by t h e  IJSNO in  rlally Relat ive P h a s e  Values ,  Se r i e s  4 ,  

wh ich  i s  a v a i l a b l e  upon r e q u e s t ,  

COVERAGE 

I t  i s  a l w a y s  d i f f icu l t  t o  e x a c t l y  de f ine  l imi t s  of cove rage  for 

e l ec t romagne t i c  e m i s s i o n s ,  s i n c e  many variabl e s  a r e  invol ved ( e  . g . , 
r ece ive r  s e n s i t i v i t y ,  a tmosphe r i c  n o i s e  cond i t i on ,  propagat ion c o n d i t i o n s ,  



conductivi ty,  loca l  no i se  and in ter ference ,  e t c . )  . Figure 3 ill .ustrates 

the  approximate groundwave coverage  which i s  present ly  ava i l ab le  from 

the  four LORAN-C cha ins  which have  been permanently synchronized t o  

the  USNO master  c lock .  'rhese cha ins  a re :  the  U. S . Cast C o a s t ,  the  

Norwegian S e a ,  the  Northwest Paci f ic ,  and the Central. Paci f ic .  Perma- 

nent  synchronizat ion i s  synonomous with having the  spec ia l  equipment 

ins ta l led  a t  the  master  s t a t i o n .  One addit ional  chairz, the  Mediterranean,  

h a s  been synchronized s i n c e  July 1.969 on a temporary h a s i s  in support 

of NASA's APOLLO miss ions .  Another c h a i n ,  the  North Atlantic ,  i s  syn-  

chronized "de fac to"  s i n c e  i t  opera tes  in conjunction with time c h a i n s  

on e i ther  s i d e  of i t .  The dai ly va lues  for t h e s e  two lat ter  cha ins  a r e  

publisl-led by the  USNO in addition t o  those  for t h c  permanently synchro - 

nized c h a i n s .  Thus, the  exis t ing  groundwave coverage for PTTI is con- 

s iderably  extended,  if t h e s e  two cha ins  a re  inc luded.  Figure 4 i l lu s t r a t e s  

the  groundwave coverage  which wi l l  be  ava i l ab le  when the  remaining 

cha ins  a r e  t imed.  These two c h a i n s ,  t h e  Southeast  Asia and the  North 

Pac i f i c ,  a re  presently useful  for re la t ive  T-'TT[ nn a n  intrachain b a s i s  

s i n c e  the  operat ing frequency i s  on the  UTC s c a l e .  

USER INSTRUMENTATlON AND TECHNIQUES 

ShapiroC3 14' h a s  covered instrumcntatioll methods in cons iderable  

de ta i l  and no effort will  be  made to  dupl ica te  tha t  work.  Ins tead ,  sim- 

ple block diagrams and descr ip t ions  will  be used t o  i l lus t ra te  the  types  

of instrumentation and techniques  which may he used t o  recover PTTI 

from t h e  rece ived LORAN-C t ransmiss ions .  Kramep-] h a s  it11 ready fur-  

n ished d e t a i l s  of rece iver  des ign and const ruct ion .  

Previously,  i t  w a s  noted that  a n  a d d ~ t i o n a l  p u l s e ,  transmitted 

once  per s e c o n d ,  w a s  ava i l ab le  from Limed master  s t a t ions  for t h o s e  

u s e r s  within groundwave range .  To util i z e  th i s  pul  s e ,  an equipment 

configuration similar  t o  tha t  shown In l 'igure 5 I S  suggcs tcd .  The h a n d  







Receiving Antenna 

PPS 

External 
Trigger 

1 

Figure 5 .  Lnstrumentation for utilization of the L !?PS transmissiorl from 
timed master stations. 

- 

0 
Osc i  1 loscope 

4 

Frequency 

Standard 

I,oc.al. 

Clock  

- 
100 kHz Band 

Pass Filter 

. IC 

- 



The ul t imate p r e c i s i o i ~  a c h i e v a b l e  i s  obta ined  by u t i l iz ing  a l l  o f  

t h e  p u l s e s  wi th in  the  p u l s e  groups  t ransmi t ted  from a s i n g l e  s t a t i o n .  

This provides  the  maximum information r a t e  a n d  t h e  maximum signal- to-  

n o i s e  ra t io  for a g iven  u s e r  loca t ion  and  equipment  configuratj .on. 'The 

equipment  required i s  i.ll.ustrated in Figure 6, The recei.ver c o n t a i n s  

not o n l y  s ignal  p rocess ing  c i r cu i t s  but a l s o  a ohase- locked loop a n d  

d ig i ta l  c i rcu i t ry  t o  provide output  t r iggers  tvhich are synchronized  t o  

the rece ived  LORAN-C ca r r i e r  p h a s e .  The l oca l  f requency s tandard  a n d  

c l o c k  a r e  then  u s e d  a s  inpu t s  t o  a T,OKAN ra te  genera tor  which is ~ ~ 7 1 1 -  

chronized t o  the  LORAN-C ephemer is  t a b l e .  The ou tpu t s  of t he  LCJIU'N 

r a t e  genera tor  and  rece iver  a r e  then  used  to  s t a r t  a n d  s top  (respect i .vely)  

a t ime in terva l  coun te r .  At th i s  po in t ,  depending  o n  e x a c t  equipment  

configura, t ions,  t h e  u s e r  h a s  a c h o i c e  of information (a coun'ter reading  

update)  a t  t h e  r a t e  of o n c e  eve ry  GrourRepe t i t i on  Interval  (GRI), o n c e  

eve ry  s e c o n d ,  or  o n c e  e v e r y  Time O f  Coinc idence  ('1,'OC). 'The wrecision 

remains t h e  s a m e  for a l l  c a s e s  the  d i f fe rences  l i e  i n  t h e  d ig i ta l  c i rcu i t ry  

involved .  The counter  reading aga in  r e p r e s e n t s  t he  sum of the  propaga-  

t ion a n d  emiss ion  d e l a y s  be tween the  LORAN-C s t a t ion  a n d  th,e u s e r ' s  

l oca t ion ,  a n y  rece iv ing  s y s t e m s  d e l a y s ,  t h e  publ i shed  correc t ion  for  the 

LORAN-C c h a i n ,  a n d  the  u s e r ' s  c lock  must i n i t i a l ly  be cor rec t  t o  wi th in  

p lus  o r  minus one-half of the  T.OMN repet i t ion interval  i n  order  t o  el imi-  

n a t e  a n y  ambigui ty .  User  c o s t s  for t h i s  type  PTTI recovery  range  from 

$ 7 , 0 0 0  t o  $10,000,  a s s u m i n g  com~nerc i a l  u r o c ~ ~ r e m e n t .  

FREQUENCY CONTROL 

One  of the  fringe benef i t s  of uhase-!ocklrlq a local frequency s t an -  

dard t o  t h e  rece ived  LORAN-C q r o ~ n d w a v ~  car r le r  o h a s e  1s tha t  the loca l  

s tandard  d o e s  not  h a v e  t o  exhib i t  good !ong-term s t ab l l l t y  on lts own.  

Indeed ,  one  may u s e  a good qua l l ty  c rys t a l  o sc i l l a to r  and  t a k e  advan tage  
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01 t h e  exce l l en t  short-term s t ab i l i t y  wh i l e  enjoying t h e  e x c e l l e n t  loncj- 

term s t ab i l i t y  of t h e  ces ium s tandard  in s l a l l ed  hundreds  of mi les  a w a y .  

'This is p o s s i b l e  s i n c e  t h e  groundwave a t  100 KII7 exh ib i t s  negl ig ib le  
161 diurna l  s h i f t .  Stone h a s  demonst ra ted  the s u c c e s s  of t h i s  Lechnique. 

In-house  s c h e m e s  may b e  employed a t  c o s t s  of l e s s  than  $100, w h i l e  

commercial  equipment  i s  a v a i l a b l e  in t h e  range  of $500 t o  $1 ,000 ,  de -  

pending on  opt iona l  a c c e s s o r i e s  d e s i r e d .  S ince  t h e  f requency  of t h e  

LORAN-C c h a i n  i s  t r aceab le  to  e i t he r  t h e  U .  S .  Naval Obse rva to ry  o r  

t h e  National  Bureau of S tanda rds ,  t he  l o c a l  s tandard  output  may b e  u s e d  

t o  c a l i b r a t e  o the r  equipment. [ t  should  not  be  n e c e s s a r y  t c  point  ou t  

tha t  i t  may a l s o  be  u s e d  to  dr ive  a pr-eci s i o n  c l o c k .  

The f requency  of t h c  rad ia ted  car r ie r  a t  LORAN-C mas te r  s t a t i o n s  
-1.2 , 

i s  nominal ly main ta ined  within +2 x 10 wl th  r e s p e c t  t o  1-JTC. Tt i s  
-1 2 

typica1l.y within - +I x 10 , a n d  on  seve ra l  o c c a s i o n s  c h a i n s  h a v e  hcen 

wi th in  1 x 10-l3 for a oeriod of  mon ths .  Although t h e  s l a v e  s t a t i o n s  

ope ra t e  in w h a t  is termed t h e  "free running mode" ( i .  e .  , a c t i v e  o h a s e -  

l ocked  synchrorl izai ion t o  t h e  mas t e r  r ece ived  p h a s e  is not  main ta ined  

a n d  co r rec t ions  n e c e s s a r y  t o  maintain t h e  required navi.yation synchroni -  

za t ion  a r c  i n se r t ed  as  incrementa l  p h a s e  s t e p s ) ,  t h e  f requency  of t h e  
-1 3 

s l a v e  ces ium s t a n d a r d s  1s r i ~ j d l y  maintained within - 4-5 x 10 wi th  

r e s p e c t  t o  t h e  mas t e r  s ta t ion  s tandard  i n  order  to  minimize t h e  n e c e s -  

s a r y  p h a s e  c o r r e c t i o n s .  C o n s e q u e n t l y ,  a u s e r  who  phase - locks  h i s  

l o c a l  s t anda rd  t o  t h e  r ece ived  ca r r i e r  phase  from a s l a v c  s t a t i on  i s  in  

f a c t  'for per iods  i n  e x c e s s  of o n e  day )  phase- locked  lo t h e  master  

car r ie r  a s  well; a n d  t h e  frequency of t h e  r ece ived  s l a v e  ca r r i e r  may be  

cons ide red  iden t i ca l  t o  t h a t  of t h e  mas ter  s l a t i on  f requency  s t a n d a r d .  



PRECISION 

21 Pako h a s  g iven a g rea t  deal  of a t tent ion  t o  the  error budgets  

involved in LORAN-C timing from the  u s e r ' s  s tandpoint .  That work wil l  

not be repeated he re ,  but c a n  be summarized q u i t e  readi ly .  Pakos '  one  

sigma error e s t ima tes  of  t h e  different error sources  a r c .  

System error ,  cr = 3 , 0  s e c  
SE t' 

User  prediction error ,  6 = 0.1 sec 
PE r 

Groundwave uropagation anomol y (over land) , 6 = 0 . 2  sec PA r 
Slave  synchronizat ion error ,  6 = 0 . 0 5  s e c  SS P 
UTC tolerance  ,* d = 2 . 0  s e c  UT P 
User  measurement error,  6 = 0 .1  s e c  

ME 1 
Using t h e s e  v a l u e s ,  one  c a n  calcul-ate t h a t  two u s e r s  who wish  t o  syn-  

chronize  t o  e a c h  o ther  (but  not to  UTC:) and who a r e  within groundwavc 

range of the  same master  s ta t ion  may expect  a n  rms error of 0 . 3  5 f s e c .  

On the  other  hand ,  a u s e r  who w i s h e s  t o  synchronize a c lock t o  UTC 

us ing a s l a v e  s ta t ion  could expect  a n  rms error of 3 . 6  r s e c  . However,  

i f  tlie u s e r  w a s  wil l ing t o  wai t  a d a y  to  remove the  UTC error and had 

been v is i ted  once  by a portable c lock  (to rerno'Je prediction and  sys tem 

e r r o r s ) ,  he could expec t  the rms error t o  b e  reduced t o  0 . 2  7 rsec- The 
b e s t  u s e  under the  error e s t ima tes  given hy Pakos would be made by 

one  who u s e d  a master  s ta t ion  for synchronizaLion, wai ted  a d a y  to  

remove the  UTC error ,  had been visi ted once  by a portable c l o c k ,  and 

whose  propagation path from the master  s tat ion w a s  over  seawate r .  In 

t h i s  c a s e  the  rms error would be thc  rrlcasurcmcnt error ,  0 . 1  sec.  The r 
advan tages  o f  a s ingle  portahle c lock [Tisit to the u s e r ' s  s i t e  to 

"ca l ibra te  " t h e  receivinq system a r e  qui te  ohvious . 

'This is rea l ly  a n  uncertainty figure and d o e s  not r e l a t e  t o  the 
operat ional  UTC to lerance  held by the c h a i n s .  



Analys is  of t he  d a t a  conta ined  in the  USNO's Dai ly  Relat ive 

Phase  Values,  Se r i e s  4 ,  j.s qu i t e  revea l ing .  The da ta  w a s  p rocessed  in  

t h e  following manner: F i r s t ,  t h e  d a i l y  va lues  were  nlot'ted wi th  in ten-  

t i ona l  (announced) t ime s t e p s  removed.  The r e su l t an t  cu rves  w e r e  then 

part i t ioned t o  seg rega te  periods of opera t ion  f ree  of f requency o r  o the r  

ad jus tmen t s .  Then a l inea r  regress ion  w a s  performed on  t h e  d a t a  t o  

determine frequency o f f se t  and  the  degree  of co r re l a t ion .  Next t h e  

s l o p e  and  mean value were  removed and t h e  s tandard  dev ia t ion  w a s  ca1.- 

c u l a t e d  . The r e s u l t s  a r e  a s  indica ted  in  Table 111. Further a n a l y s i s  

of t h e  r e s u l t s  r evea l  a n  expec ted  value o f  0 . 3 5  sec for 2 , 8 3 2  s a m p 1 . e ~  Y 
( d a y s ) ,  This e f f ec t ive ly  r ep resen t s  approximate ly  e igh t  y e a r s  o f  d a t a .  

On the  b a s i s  of t h e s e  r e s u l t s  Pakos '  one  si.gma error e s t i m a t e  for  t h e  

UTC to l e rance  would a p p e a r  t o  he  e x c e s s i v e .  l f  w e  s t ipu la t e  tha t  the  

sys t em error  c a n  be  removed b y  ca l ibra t ion  (work h a s  a l r eady  begun) ,  

t hen  o n e  of the  two major error s o u r c e s  i s  removed a n d  the  other- i s  

reduced t o  a va lue  commensurate  with the remainirlg f ac to r s  in  Ihe error  

budget .  Returning for a moment t o  t h e  c a s e  of t he  u s e r  who  w i s h e s  to 

synchronize  t o  UTC us ing  a s l a v e  s ta t ion  (rms error previous ly  reported 

as  3 . 6  sec) , reca lcula t ing  the  rms error u s ing  Jhc new e s t i m a t e  for  r 
a (0 .35)  and  a s s u m i n g  d equa l s  z e r o ,  w e  find tha t  t h e  r m s  error i s  
UT SE 

now ca lcu la t ed  to  h e  0 . 4 3  p s e c .  Recall that  t h i s  u s e r  h a s  no t  been  

v is i ted  by a por tab le  c lock  and d o c s  not know t h e  cha in  cor rec t ion  for 

t he  d a y  of measurement .  This reca lcula ted  rms error a g r e e s  we l l  w i th  

t h e  a u t h o r ' s  expe r i ence  in field measuremen t s .  

SKYWAVE USE 

Thus far ,  o n l y  groundwave coverage  and  s rec r s ion  h a v e  been  

ment ioned,  although LORAN-C skywaves  offer  a n  excel  1 en t  modem for 

PTTI d i s semina t ion  i i  s l i gh t ly  degraded a c c u r a c y  is  a c c e p t a b l e .  An 

of fse t t ing  advan tage  l i e s  In t h e  f a c t  t ha t  t ime recorrery from LORAN-C 



TPGLE I1 I. RESULTS OF ANFLYSIS OF PUBLISHED LORA?i C DF,ILY F E L A T I V F  F H A S t  
VALUES 

CHAIN " PEPIOUI - i4C. OF DAYS - d h S )  .-- i,! * 
U. S. EAST COAST FED 1 ,  1 8 6 8 - J A N  15,  13E9 343 9.83 30 

JA;: 16 - i i/\,F 30, 1969 74 0 . 1 8  ?. 
I\lbR 31 - A C G  25,  19€,9 148 0.38 9 6 
AUC 26 - NOV 1 , 1  !769 G 7 J.1:' .28 
i i f i V  2 - UEC 12 ,  1363 4.2 11.11 3 9 
D E C  13 ,  19 t3  - FEE 12,  1970 C 2 0 . 2 8  -l 
FEE 13 - JiiL 7 ,  1373 141; 0.415 . 08 
AUG G - SEP 17,  197; 41 0.38 1 .90  
SEP 18 - CiOV 18,  1370 E 2  0.12 -l 

IIORTH ATLAI\ITI C ,lF\?i 1 - J l i L  2 ,  17711 181 0.45 .!G 
JUL 3 - i;nv 18, 1970 149 9.38 -t 

i4ORWEGIP,P,l SEA OCT 1 5 ,  196C - i i A R  30, 1969 168 G .43 .?4 
i ! P P  31 - PiOV 1 4 ,  1370 2 73 9 .@-3 .?a 
i !GV 15,  1969 - JAIJ 2 0 ,  1?7q 6; 7  L! . ~ ' j  .37 -> r . ,  

JFljI 21 - A P s  1 2 ,  1973 :J. 2  57.27 . 119 
!PP 13 - JI!l. 30, 1970 10:) i . 3 5 .96 
JCL 31 - NOV 18,  1970 111 0 . LL '2 . :I 7 0 ./ 

iiEDITEERA!4E?N SED i;nV 1  , 13F3 - FEE 12 ,  1175 1 04 CJ .4(1 .F 
FEE 12 - Jb:4 16,  1970 124 il .33 .32  
Jlrisj 24 - GCT 3, 1970 132 (1.3; .j 

O C T  4 - ' ; iC!V 19,  1976 4 7  :I . 2i; . !;a 
CENTRAL P A C I F I C  FED 11 - P*lk.R 31, 1370 4 4 C.17 1 .  

A P F  13 - PiAY 26 ,  1970 44 ,c: . .34 
I*IbY 27 - JUL. 1% 11973 5 4  :> . I5  -87 
JUL 212 - Pi0V 17 ,  1372 121 ;I.i?J . >7 

~ ~ O P T H W E S T  PACIFIC ( ~ ! o T  F,NPLYZED) 

*I? i s  the l i n e a r  r e g r ~ s s i o n  c o r r e l a t i o n  c o e f f i c i e n t .  Colnnuter nroararr! 
f a i l u r e  t o  y i e l d  t h e  c o r r e c t  val uc due t o  t h e  verv sniall s l o n e  invol vcd 
i s  s i r n i f i e d  b,y $.:. An F: = 1. i nd i ca tes  a p e r f e c t  f i t  o f  the d a t a  
p o i n t s  t o  the l i n e a r  e x p r e s s i o n .  



skywaves  is readi ly  ach ievab le  a t  thousands  of mi les  usrng both o n e  

hop and multi-hop propagation modes .  In many ins tances  t h e s e  measure-  

ments may be carr ied out  with visual  receiving equipment a t  very low 
C81 c o s t .  A s ingle  v i s i t  to the u s e r ' s  s i t e  with a portable c lock to  ca l i -  

brate propagation d e l a y  c a n  reduce the  error hudget to  within an  order 

of magnitude equal  to  tha t  ava i l ab le  with groundwavcs . Where  poor 

s ignal- to-noise rat io and intcrfcrring s igna l s  a r e  a oroblem, special  

equipment may be  employed to recover the  LORAN-C pulse!' The rnaxi- 

mum precis ion  is achieved when a s ingle  propagation path  i s  used  and 

the  observat ions  a r e  made a t  the  same time each  d a y .  Flgure 7 i l lus-  

t r a t e s  the  potential  skywave coverage ,  which i s  e f fec t ive ly  t h e  a rea  

north of 40O south l a t i tude .  

The National Aeronautics and Space  Admini s t ra t ion  (NASA) i s  

currently conducting a year  long s tudy  01 T,C)IIAN-C'; skywavc s t ab i l i ty ,  

a f t e r  some in i t ia l  brief t e s t s  which resul ted  in synchronizat ion capa-  

b i l i t ies  on the  order  of severa l  microseconds .  More da ta  and inves t i -  

gat ion a r e  required to  ful ly understand and t ake  advantage  of the  ulti-  

mate potential  of LORAN-C skywaves  for PTTI disseminat ion .  Neverthe- 

l e s s ,  skywaves  may be  ut i l ized without corr-eclion prac t ica l ly  world- 

w i d e ,  with accuracy  in t h e  50- s e c  region.  P 

PRESENT OPERATION 

Timed LORAN-C cha ins  a r e  curr-entl y held to  a + 15 sc:c tolerance 
- r 

with r-espect t o  UTC through a coordinated arranycment between the  U .S . 
C o a s t  Guard and t h e  U. S .  Naval 01-3scrvatory. 'l'wo types  of correcLions 

a r e  employed to maintain t h i s  Lolerance. They a r e  infrequent s t ep  a d -  

justments in the  time of tr-ansmission of the  cha in ,  usua l ly  on  the  order 

of 10 secs or l e s s  and  a lways  announced i n  advance;  a n d  infrequent C:- r 
field adjus tments  t o  the  operating cesium Iwarn frequency standard a t  





-1.2 
t he  master  s t a t ion ,  usual ly  on the  order  of 1 x 10 , Although t h e  

to lerance  i s  5 5  r s e c s ,  the  da i ly  re la t ive  phase  va lues  a r e  published t o  

0 .1  sec. If the  requirement were p resen ted ,  the  to lerance  could b e P 
reduced t o  + 5 secs almost  immediately.  P 

FUTURE OPERATION 

Recently the  Department of Defense  approved a ~ r o p o s a l  t o  irnple- 

ment UTC synchronizat ion on a l l  of the  exis t ing  LORAN-C c h a i n s .  At 

the  time t h i s  program is implemented,  i t  should b e  ent i re ly  poss ib le  t o  

further reduce t h e  to lerance  t o  2 1 r s e c ,  al though some inves t iga t ive  

work is required.  Improvements in the  time monitor and master  s ta t ion  

equipment and measurement techniques  should provide subs tan t i a l  

reductions in  the  u s e r ' s  error budget .  A burgeoning in te res t  in LORAN-C 

timing should produce lower c o s t s  for commercial L0Rn.N-C timing equip-  

ment .  Studies of skywave s t ab i l i ty  should yield quant i ta t ive  information 

t o  fac i l i ta te  one  hop and multi-hop propagation d e l a y  prediction and t o  

produce a be t ter  model of t h e  ionosphere .  

LORAN-C PTTI USERS 

I t  is worthy of mention t o  note  the  d ive r se  in te res t s  and techni-  

q u e s  which have  o r  a r e  ut i l izing LORAN-C PTTI; to  w i t ,  NASA's Manned 

Space  Flight Network, intercontinental  surveying,  aerial. mapping, long 

base l ine  interferometry, miss i l e  r anges ,  ~ r o p a g a t i o n  s t u d i e s ,  commer- 
". -- 

cia1 peddlers  of t ime ,  instrument calibration, communicat ions,  power 
- - . ? 

companies for frequency control ,  and ~ n t e r n a t i o n a l  bureaus  and  observa-  

to r i e s  for  the  maintenance and  d isseminat ion  o f  the  Tnternational Atomic 

Time Sca le .  



CONCLUSIONS 

LORAN-C provides an  excel lent  medium for the  d isseminat ion  of 

PTTI on a continuous I-)asis in both groundwave 2nd skywavc modes .  

User  c o s t s  a r e  not e x c e s s i v e  and  they- , - ~ a r y ,  depending on the  rrlode of 

propagation chosen and  prcci si(.>n required.  I : x p a r : ~ i ~ ) ! ~  of t h e  p r e s ~ n  t 

systerri lo a l l  chai l ls  will  e r ~ i l a ~ c . ?  the coveraye a l ready s v a ~ l a b l e .  At 

t h e  same Lime, spec t rum conservation a n d  c o s t  c:if~ir;ti /elless a r e  both 

a c h i e v e d ,  s j n c e  Lhe sys tem a l ready o x i s t s  to  f111 f i l l  a s e p s l ~ a t e  (a1 though 

related) requirement. 
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