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Abstract 

sncept of time  transfer  between two geo- 
graphically  separated  locations by using  nearly  simulta- 
neous  reception  times of a  common  transmission  has 
been  used  very  fruitfully, e.  g. , the TV line- 10 time 
transfer  syrtem  and  Loran-C.  This  paper  discusser 
some  germane  aspects of the  concept  and  then  considers 
using as some  common  transmissions  a 3 0 - H ~  pulse- 
rate mignal from  the  optical  pulsar NP0532, the 60-Ha 
power-line  signal,  and  the 3.58-MHz television  color 
subcarrier  signal. 

The  theoretical  accuracy of each of theme methods 
is  discussed  along with its  coverage  and  the  system 
feasibility.  The  day-to-day  stability of the  differential 
path  delay of each of the  above  methods  was  measured  or 
inferred  to  be 13 P S ,  1  ma,  and - 2 0  ns  respectively. 

Key Words  (for  information  retrieval): Atomic 
ciock,  Frequency  calibration,  Frequency  stability, 
Optical  pulsars,  Remote  clock  comparisons,  Simultan- 
eous  reception,  Time  dissemination,  Time  stability. 
Time  synchronization,  Time  transfer, TV color  sub- 
ca r r i e r ,  60-HZ power line. 

I. Introduction 

Time  synchronization  or  comparison of remote 
clocks is a corhmon but often  difficult to achieve  need 
among  the  users of precise  time  signals. Many tech- 
niques  have  been  developed  and/or  employed  to  satisfy 
the  above need. This  paper  is  an  effort  to  suggest  some 
alternate  methods  for  comparing  the  readings of remote 
clock8  via  simultaneous  rece$ion  times of signals  from 
a transmitter  common to both clocks.  The  methods 
rtudied  were  restricted  also  to  those  with  attractive 
cost  benefit  ratios.  See  reference8 [ l ]  through [lb].  

U. Time  Comparison  via  a  Common  Transmitter 

Figure 1 illustrates this method of remote  clock 
comparison  in which time  transfer  or  synchronization  is 
accomplished by receiving  signals at A  and  B at  nearly 
the  same  time  from  a  traanmitter  common  to both 
receivers. In many  cases  clocks  A and B a r e  much 
more  r table and  accurate  than  the  transmitter  clock; 
nevertheless  the  transmitted  signal  as  received  can be 
ueed as a time  transfer  device. Under certain  assump- 
tions  the  instabilities of the  transmitter  and  the 
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propagation  medium  to  first  order  contribute  neither  to 
the  imprecision  nor  to  the  inaccuracy of the  time  trans- 
fer  system. 

As a  more  detailed  analysis,  suppose that at a  time 
t an  identifiable  signal,  e. g. , a  pulse or a  zero- 
crossing of a  sinusoid,  is  emitted  from  the  transmitter 
illustrated  in  Fig. 1. Let TxA and T be the  propa- 
gation and equipment  delay t lmes fromX&e transmitter 
to  the  time  interval  counters  at A and B respectively. 
If the  readings of clocks A and B a r e  t and t 

interval  counters  will  be: 
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tively,  then  the  difference  in  the  readings A of the B time 

[t - I t  - TxA)] - [t, - ( tX- TxB)] = t A X  A - tB + TD p (1) 

where t is  the  differential  propagation  delay, 
T - tD If T is calculable,  then  obviously  the  time 
dge rence  between  clock A and  clock  B  can be accurately 
determined within the  uncertainty of the  calculated 
differential  delay. If T i s  not calculable,  then it needs 
to be measured;  e.   g. ,   wth D. a  portable  clock.  The 
stability of TD in  either  case will determine an upper 
limit  for  the  precision with  which the  time  difference 
t - tB can be measured by this  system. If the  propaga- 
tion A an3  equipment  delay  paths are  similar,   the 
differential  delay T~ may be extremely  stable;  e. g. , for 
TV  timing  stabilities of several  ndnoseconds  over  several 
seconds have been  achieved within a given transmitter 
locale [ 172. 
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Note that in this  simple  case  the  time of emission of 
the  identifiable  signal  cancels  in  equation  (1).  However, 
in  general,  the  identifiable  signal will be repetitive,  and 
A and B can  receive  events with different  transmission 
times. All that  needs  to be added  to  equatioa  (1)  is  the 
transmitter  emission  time  difference, Attx, of the 
different  events  received, which can  often  be  inferred 
from  the  repetitive  nature of the  signal  assuming  the 
ambiguity  can be resolved. In some  cases  ambiguity 
resolution  may  be  difficult [ 151. Measuring  different 
events  usually  places  very  minimal  constraints  on  the 
transmitter's  stability and accuracy.  That  is, if  
represents  the  precision  or  accuracy  desired of the  time 
transfer  system,  then  the  stability  or  accuracy,  respec- 
tively, of the  transmitter  need only  be better  than 
i3tt/AtX. For  example,  if  time  transfer  is  desired  to  a 
precision  or  accuracy of 1 MS, then A t  can be S vera1 
hundred  seconds and still require only Tpart  in 10 3 
stability  or  accuracy,  respectively, of the  transmitted 
signal. 



There  are  several  important  time  transfer  users 
employing  this  near-synchronous  reception  mode.  The 
hternational  Atomic  Time  Scale, IAT (BIH),  maintained 
at  the  Bureau  International  de  l'Heure,  employs  Loran-C 
and  television  signals  in  this  time  transfer  mode,  and 
achieves  precisions of a  few  tenths of a  microsecond 
between  seven  international  laboratories  utilized  in  the 
scale [ 181. The  standard  time and frequency  radio 
station W W V  i s  synchronized with respect  to  the  atomic 
time  scale WTC(NBS) to  a  precision of about 30 ns  using 
the  TV  line-l0  time  transfer  system  developed by the 
National  Bureau of Standards [ 191. Some satellite  sys- 
tems  employ this mode  for  time  transfer, and  long 
baseline  interferometry  indirectly  employs  this  mode  as 
data are   cross-correlated with  impressive  precisions  in 
the  picosecond  region [ZO]. This paper  is  an  effort  to 
partially  explore  the  capabilities of pulsar  signals, 
60-Hz power-line  signals, and television  color  subcarrier 
signals ( 3 . 5 8  MHz), when used  in  the  above  time  transfer 
mode. 

UI. Optical  Pulsar Signal a s  Common  Transmitter 

A  schematic  diagram of a  pulsar  reception  system 
i s  shown in  Fig. 2. The  signal  averager  determines  the 
time  interval  between  the  arrival  time of the  pulsar 
signal and the  local  clock.  This  is  accomplished by 
amplifying  the  pulsar  signal  in  the  photo-tube,  then 
averaging  several  thousand of the  pulses  to  improve  the 
signal-to-noise  ratio.  The  period of the  Crab NP0532 
pulsar  signal  is 3 3 .  107 ms ,  and the  pulse width i s  about 
2 ms.  The  rate of sampling  in  the  signal  averager  as 
determined by the  frequency  synthesizer  may be set  from 
an  extrapolation of previous  pulsar  data [2 l]. One of 
the  present  models  for  the slowing down of this  pulsar 
signal  is a "least-squares  cubic  fit  (four  parameters)  to 
the  phase  as a function of time" [22]. Extrapolations 
based  on  such  models  allow  longer  averaging  times  to  be 
better  utilized  in  the  signal  averager  except,  however, 
when the  pulsar  signal  makes  an  occasional  jump in rate 
~ 2 3 1 .  

The  cost of the  equipment involved will be deter- 
mined  in  large  measure by the  cost of the  telescope,  the 
size of which  directly  affects  the  signal-to-noise  ratio 
and  typically  ranges  from 24 inches  to 36 inches (- 60 to 
90 cm).  There  are  other  less  expensive w a y s  of having 
a  large  receiver  area  such  as  the J. E. Faller  multi- 
lensed  receiver  telescope [24]. Very inexpensive photo- 
tubes  can  be  obtained, but $1,000 invested  here is very 
well  spent.  The  signal  averager  employed at Lawrence 
Radiation  Laboratory  (LRL)  cost about $10,000 and the 
frequency  synthesizer about $6,000 [ Z l ] .  Reference 
clocks  that  are  fully  adequate  for  the  job  can be pur- 
chased  for  about $8,000 to $20,000. 

A resolution of the  pulsar  signal  to about 2 p s  is 
believed  achievable [Zl], [25]with about a  2-hour 
sampling  time  and a telescope of about  24-inch  (61-cm) 
diameter. It is further  believed  that  the  precisions  in- 
volved in  determining  the  pulsar  signal  arrival  time  are 
primarily given by the  statistics  associated  with  particle 
(photon) detection  and  counting,  and  hence  can be char- 
acterized  as  white  noise  process;  therefore,  the 
uncertainty of the  arrival  time will be inversely  propor- 
tional  to  the  square  root of the  sampling  interval.  The 
total  increase  in  delay  due  to  the  earth's  atmosphere is 
only of the  order of  10 nanoseconds,  hence  the  differen- 
tial  delay  associated with the  atmosphere is totally 
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negligible, a s  well a s  calculable  assuming  the  pulsar 
signal is a  plane wave a s  it arrives  at  the  earth.  The 
accuracy  limitation  for  the  differential  time  delay 'I 
due to  the  spinning  earth is also of minor  consequence. 
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i. e. , one can know earth  position  (given by the UT1 time 
scale)  to  better  than 5 ms;  this  corresponds  to  an  uncer- 
tainty on T of less  than 8 ns. It is  apparent that the 
reception  equipment  and  the  very weak pulsar  signal a r e  
by far  the  largest  contributors  in  the  uncertainties of 7 D' 

The data  analyzed  in  this  paper  were  made  available 
through  the kind cooperation of Je r ry  Nelson and John 
Middleditch of LRL  and are  similar  to  the  data  published 
in  reference [22]. The  data  analyzed gave the  reception 
times  at  LRL and at  Harvard  University of the  pulses 
from NW532 (the Crab  pulsar).  The  primary  concern 
of these  observers  is  to  study  the  pulsar's  behavior by 
measuring in an  absolute  sense  the  arrival  times of the 
pulsar  signals. Such a  measurement  requires  reduction 
of the  data  to  arrival  times at the  solar  system  barycenter 
by use of an  accurate  ephemeris  for  the  earth--a non- 
trivial  problem.  Difficulties  quickly  arose.when  trying 
to  compare  the  data of one observatory  to  another  be- 
cause  each had a unique fourth-order  polynomial  to 
model  the  pulsar's  behavior and a unique assumed  best 
ephemeris for the  earth's  position.  The  assumption  that 
the  pulsar  signal  is  a  plane wave, which  is  a good one a t  
the l - p s  uncertainty  level  regardless of where  the  earth 
is in its  orbit,  allows one to  avoid  these  difficulties. 
Nelson and  Middleditch  supplied  us with a  data  listing 
which used  the  Harvard  polynomial  fit  and  the  LRL 
ephemeris  for  reducing  the  data  as  received  at both 
observatories.  Even  then  there  appeared  to be some 
difference  in  the  method of properly.identifying when the 
pulse  occurred [ Z Z ] .  

D 

In order  to  evaluate  the  capability of the  pulsar ti.me 
transfer  system, we attempted to remove any bias due to 
the  difference  in  method of pulse  identification by taking 
the  difference  in  the  pulsar  arrival  times,  Harvard  minus 
LRL, on those  nights when both made  observations, as 
follows : 

TH(t) - TL(t') ?.- AT(t), (2) 

where t and t' denote  the  local  clock  readings at Harvard 
and  LRL  respectively.  The  LRL  measurements  were 
usually  taken 3 to 4 hours  later  than  the  Harvard  meas- 
urements.  Equation (2) assumes  that both occurred  at 
the  same  time, t. This  assumption  requires  that  the  in- 
stabilities of the  pulsar not be  significant  over  this 
interval.  This  is  probably  a good assumption [ZS]. The 
local  clocks  at both sites  were  referenced  to  the  same 
very  stable  time  scale via a  clock  at  Hewlett-Packard  in 
Santa  Clara,  California,  and  the  Loran-C  navigation 
chain on the  East  Coast. 

In order  to get an  idea of the  stability  characteristics 
of the  differential  data,  consider  the following quantity: 

&T(t + 7) - AT(t) - 
7 V 

( 3 )  

where 7 is  the  time  interval  between  nights when the 
pulsar  signal w a s  commonly  observed.  Plotted  in  Fig. 3 
a r e  the  absolute  values of these  differential  fractional 
frequency  deviations  for  all  possible  combinations of the 
AT(t).  The  dashed  line in Fig.  3 is obviously  an 



approximate  model  for  the  data  and  implies a precis ion 
capability of about  13 P S .  The  slope of the  dashed  line 
is consistent  with  the  assumption  stated  earlier that the 
uncertainty in the  reception  t ime is given  by the statis- 
tics of particle  (photon)  counting--white  noise. If will 
be  noticed that the  tr iangles  have  a  very  high  density 
above  the line, and  one will note   that   these  points   are  
reduced  from  data  belonging  to  two  different  sequences-- 
the  implication is that  something  was  changed  that 
affected the b iases   a f te r   the  first sequence  and  before 
the  second  sequence. 

The  analysis of the  t ime  difference  or   the 
comparison of data  between  two  laboratories  could  be 
simplified  considerably  by  correcting  only  for  sidereal 
t ime,  then  afterward  ascertaining  the  polynomial  model 
for   the  pulsar   s ignal   and  reference  f rame  t ransfer   to  
the  solar   system's   barycenter .   Also,   there  is some 
indication  that a uniform  method of determining the 
a r r i v a l  time of  the  pulsar  signal  would  be  worthwhile. 
Perhaps  the  present   dif ferences  in   pulsar   arr ival  time 
determination rest in equipment  changes  or in differ- 
ences  in  equipment. 

The   pu lsar   t ime  t ransfer   sys tem  has   the   apparent  
potential   for  accurate  t ime  transfer  on  a  global  basis  to 
within  about  2 P S .  The L R L  group  achieves  uncertain- 
t i e s  of this order   on a regular   basis  [ Z l ] .  The  currently 
measured  time transfer   precis ion is about  13 MS. The 
drawbacks in th i s   t ime   t r ans fe r   sys t em  a re   t ha t   meas -  
urements  can only  be  made  at  night  and  cannot  be  made 
a t  all during  the last p a r t  of May, all of June,  and  the 
f i r s t   pa r t  of July.  Cloud  cover  could  also  be  a  problem. 
The  signal  strength of the  source  at   the  earth  and  the 
expense of the  receiver   system  to   overcome  the  prob-  
lem  are  the  significant  considerations,   since it appears  
that   the  precision  and  the  accuracy of the  proposed 
pulsar   t ime  t ransfer   sys tem  a re   p r imar i ly   l imi ted   in  
these  areas.   Overall   the  optical   pulsar  t ime  transfer 
system  seems  to   be  feasible   and  worthy of being  given 
further  consideration  because of the  high  accuracy  and 
precision  potentially  achievable  as  weighed  against  the 
investment  in  development  and  equipment  costs. 

IV.  Power-Line  (60-Hz)  Signal 
as   Common  Transmiss ion  

The  thesis of this  section is that  the  60-Hz 
power-line  grid  in  the USA is basically  a  phase  coherent 
system;  i .   e . ,   in   the  effor t   to   t ransfer   power  f rom  one 
area  to  another  and  to  deliver  power  efficiently  to  the 
user  the  phase  difference  between  any  two  points  should 
remain  fairly  constant.  

We first analyzed  the  fractional  frequency  stabil i ty 
of the  power-line  signal  as  received  in  Boulder,  
Colorado.  Figure 4 is a  plot of this  stability  using  the 
square  root  of an  Allan  variance  as  defined in [27], C281 
versus   the   sample  time T. This  particular  stabil i ty 
m e a s u r e  will be  used  frequently  throughout  the  remain- 
d e r  of this  text  and  is  denoted  by 0 (7 ) .  The  stability 
points  plotted  may  be  nominally  classified  as a flicker 
noise  frequency  modulation  process  [27],  [ 2 8 ]  with a 
range of T f r o m  17 ms t o  l o 4  S ,  and at a level  of about 
5 X The c o m o n   t r a n s m i t t e r   s t a b i l i t y  is adequate 
in  this  case  to  do  submill isecond time comparisons of 
remote  clocks i f  the   measurements   a re   made  within 
about  one  second of each  other.   The  stabil i ty  was 
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measured  at different  dates  and  essentially  the same 
results  were  obtained as  in Fig. 4. 

The phase of the  60-HZ  power-line  signal  was 
recorded  over the weekend of 12-15  May 1972 relative 
to atomic clocks at the  Hewlett-Packard (HP) laboratory 
i n  Santa Clara,   California,   and at the NBS labora tory   in  
Boulder,  Colorado.  The data appeared   to   cor re la te   to  
well  within  one  cycle (16. 67 ms) of the  s ignal   with  rare  
deviations of the   o rder  of a cycle. A plot of a section of 
this data is shown in Fig. 5 .  The  strong  phase  coher- 
ence is obvious. 

Next a study  was  made of the  differential  delay, T 
between  Boulder  and  Santa  Clara by measuring  the  zero-  D' 

c ross ings  of t h e   6 0 - H ~   s i g n a l  that immediately  followed 
the   same  second ' s   t i ck   on   each  of the  above  atomic  clocks,  
and  then  taking  the  difference  in  these  measures.   The 
stability of ? was  observed   for  a var ie ty  of sample 
times. The  Instabilities  in 7 were   conver ted   to   f rac-  
t ional  frequency  f luctuations,   2nd  a  plot  of the  stabil i ty 
of these  is shown  in Fig. 6. Achieving l pa r t   i n  lo8 at 
T = l day  makes  this 60-Hz  t ime  transfer  mode  extremely 
competitive with WWV insofar  as the  stability of the 
propagation  media is concerned. 
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The  s tabi l i ty   for   longer   t imes  was  a lso  s tudied  over  
the  above  path as well   as  between  the  atomic  clocks at 
the  WWV t ransmi t te r  site near   Fort   Col l ins ,   Colorado,  
and at NBS Boulder,  Colorado.  This  was  accomplished, 
s imilar ly ,   by  measuring  the  occurrence  t ime of the next 
zero-crossing of the  60-Hz  signal  after  the  date 16:30:00 
UTC as determined  by  each of the  atomic  clocks at each 
of the three  locat ions.   The  resul ts  of these   da ta   a re  
plotted  in Fig. 7  af ter   the   differences  in   the  measures  
were  taken  to   es t imate  T over  the  two  paths.  The 
actual path  lengths  are n 8  known  but a r e   e s t ima ted  as 
being  less   than 3200 k m  (2000 miles)   and  less   than 
160  km (100 miles)  respectively.  Also, the  actual   t rans-  
mit ter   source  point(s)  is (are)   not  known; hence, T~ i s  
only known modulo  one  cycle (16. 67 ms). However, 
from  data  in  Fig.   7  one  could  suggest  that   once a par t ic -  
ular  path  was  calibrated  two  remote  clocks  using  this 
6 0 - H ~  time transfer  mode  could  be  kept  synchronous  to 
within  about 1 ms over  fairly  large  portions of the 
power-line  grid. 

Maintaining  synchronization  assumes  that   no  cycle 
slippage  occurs  between  the  different  areas  involved. 
Hewlet t -Packard/Santa   Clara   and  Colorado  are   in  
"Electronic  Power  Supply  Areas" VIII and V I  respectively 
[ 2 9 ] .  A test was  conducted  to  determine if cycle  sl ip- 
page  was  occurring  between  the  three  locations  cited 
above  by  building  dividers  to  generate a precise  1  pulse 
per second  (pps)  from the 60-HZ  signal.  These  dividers 
were  placed at each  location  and as long as the  power 
was  continuously  available  we  detected  no  cycle  slippage 
over  several-day  intervals.   Occasionally  the  dividers 
would  jump  some  cycles  due  to  60-Hz  power-line 
t ransients .   Low-pass   f i l ters   were  used  to   suppress   this  
problem. 

If the   occur rence   t imes  of the  zero-crossings of the 
60-Hz  signal  with  respect  to  a  standard  clock  could  be 
made  continuously  available,  then  a  clock  at a remote 
site could  be  continuously  updrrted  to  be  synchronous 
with  the  standard  clock. We have  not  been  able  to  con- 
ceive of an inexpensive  way of providing  these 
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Occurrence  times.  One of the  a t t ract ions of the 6 0 - H ~  
t ime  t ransfer   mode  is its impressive  cost   benefit   ratio;  
i. e . ,   the   receiver   can  be  bui l t   for   about  $10 (a low-pass 
fi l ter   and a t ransformer) .  

The  fractional  frequency  stabil i ty of the  data  plotted 
in  Fig.   7  was  also  analyzed,  and  these  stabil i ty  results 
are shown in Figs.  8  and  9  for  the WWV-NBS path  and 
the HP-NBS  path,  respectively.  Note  that  the WWV-NBS 
path  stability  was  about  6  times  better  than the HP-NBS 
path  stability.  One  may infer that  the  stabil i ty  degrades 
nominally as the  distance,  which  would  imply a stability 
of a few  mill iseconds  across  the  continent.   Being  able 
to   compare   the   f requencies  of remote  s tandards at the 
1 par t  in lo1' l eve l   for  a few  dollars  receiver  investment 
cos t   makes  this 6 0 - H ~  time transfer  mode  additionally 
worthy  for  consideration in many  applications.  The 
16.67 ms cycle  ambiguity  could  probably  be  resolved in 
most p a r t s  of the USA by  use of the WWV audio  telephone 
signal, (303)  499-7111. 

V. TV  Color  Subcarrier  Signal  (3.58  MHz) 
as Common  Transmit ter  

Figure 10 is a p105  of the  impressive  f ract ional  
frequency  stability b (N, T ,  7,  fh)$  [27], [ZS], of the 
television  color  subcarrier  signal as received at NBS 
Boulder,  Colorado,  from  one of the  TV  studios in New 
York  City.  The  frequency of the  color   subcarr ier  is 
63/88 of 5 MHz  denoted uc, and  the  5-MHz  frequency is 
der ived   f rom a rubidium  gas  cell   frequency  standard at 
the  studio. h cont ras t   to   the  60-HZ method  where it 
would take  many  da S to  get a frequency  calibration  to 
within a par t  in lo'', it would  only  take  about 10 sec- 
onds  to  accomplish  the  same  thing  using  the v signal. 
For   this   reason NBS publishes  monthly  the  fretuencies, 
a s   measu red   i n   Bou lde r ,  of the  rubidium  gas   cel l   f re-  
quency  standards of the  three  network  studios  for  which 
l ive  te lecasts   are   svai lable   in   Boulder ,   Colorado [30]. 

The  fractional  frequency  stability of U was  studied 
for  longer  sample  t imes,   for  different  netGorks,   and at 
different  t imes of the  day.  The  range of these  stabil i ty 
resu l t s  is plotted  in  Fig.  11,  and is a reasonable  exten- 
sion of the  results  plotted in Fig. 10. An effort  was 
made  to  study  the  differential   delay T~ of V by  use of 
the  atomic  clock  at  Boulder  and  the  atomic c'iock at WWV 
a s   t h e  remote site,  but  unresolved  noise  problems 
thwarted  the  experiment-  -possibly  due  to the high 
intensity  radiation  f ields  at   the WWV site.  Though  the 
stability of the  differential  delay T of uc as received 
at two  remote  si tes  may  not be mu% better  than  the  data 
plotted  in  Fig. 10 and  Fig.  11, it should  not  be  any 
worse.   The  implication  from  these  data is that the 
potential exists to  keep  two  clocks  remotely  located 
synchronized  to  about  1  ns  once  calibrated if they  have 
mutua l   access   to   the   same U signal. In prac t ice   the  
signal  probably  needs  to  be  l ine-of-sight  from a common 
transmitter  to  both  clock  locations  to  achieve  this  poten- 
tial. 

C 

Some of the   p roblems  genera l ly   encountered   a re   as  
follows:  1)  Live  color  TV  is  not  continuously  available; 
2 )  phase jumps occur  with  commercials  and with changes 
in studio  cameras  and  in  peripheral   equipment;  3) a s  
color   adjustments   are   made  a t   the   s tudio,  at the  local  
TV  station,  or  in  your own receiver,   phase  shifts  will be 
introduced  in v . and 4) the  cycle  ambiguity of v (about 
279  ns)  is difficult  to  resolve. C '  
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On the positive  side if the  above  problems  could  be 
resolved  the  cost   benefit   ratio is extremely  desirable.  
If the  measurements   were  made at the same time each 
day  (same  studio  and  network  configuration)  the  first 
three  problems  l isted  above  would  be  partially  or 
effectively  solved.  The 279 ns ambiguity  problem  may 
be  solvable  by  observing its relationship  to a par t icular  
horizontal  or  vertical  synchronization  pulse  occurring 
at nea r ly   t he  same date.  The  ambiguity of the  ver t ical  
interval  is 33.366 . . . ms and  is   easi ly   resolved  in   many 
ways. A study  was  conducted of the  phase  relationship 
between  the  zero-crossing of U and  the  line- 10 hori-  
zontal  synchronization  pulse  ovEr  several  days  and  the 
resu l t s   a re   p lo t ted   in   F ig .  12. These  results  give  some 
hope that the  cycle  ambiguity  in vc could  be  resolved. 
T h e r e  is a need  for  an  experiment  involving  remote 
atomic clocks  to   f inal ly   tes t   the   idea.  

T ime  t ransfer   us ing  V or   the  common  t ransmit ter  
requi res  a fair   degree of sgphistication on the   par t  of 
the user.   However,  the cost   benefit   ratio is very im- 
pressive  and  may  make it worth  the  effort .  If the 
proposed NBS active  TV time code  becomes a real i ty  
[31],   [32],   most  aspects of t ime  t ransfer   via  V would 
become  redundant,   and  user  ease  highly  favors  %he 
active  code. 

VI. Conclusion 

We have  partially  explored  the  capabili t ies of t h r e e  
novel   common  t ransmi t te rs   as   may  be   used   in   the   above  
t ime  t ransfer   mode.  l )  The  opt ical   t ransmissions  f rom 
the   Crab   pu l sa r  NP0532  may  be  uti l ized  to  transfer  t ime 
via the  above  mode on a global  basis  with a theoret ical  
accuracy  of a few  microseconds.   The  measured time 
stability of the  differential  delay  between  the  east  and 
west  coast  of the USA was  13 PS. The  anticipated 
receiver   cost  is about 20 to  30 thousand  dollars  provided 
c suitable  telescope is available. 2) The 60-HZ power- 
line  system--even  though it has  very  poor  phase 
stability--has an impressive  differential   delay  stabil i ty.  
The  stabil i ty of the  differential  delay of this coherent 
power-line  grid w a s  measured  to   be  in   the  submil l isec-  
ond  region in the  western  section of the USA. The 
receiver   cost  is about ten dollars.   3)  The  TV  color 
subcarrier  signal  (3.57954 . . . MHz)  appears  to  have 
stabilities in the  nanosecond  region  over  thousands of 
miles  with,   however,  some difficulty in removing  the 
cycle  ambiguity.   The  receiver  cost  is the   p r i ce  of a 
color   TV  set .  a few  hundred  dollars.  

The cost benefit ratio of all t h r e e  of the  above 
proposed  systems  makes  them  very  compet i t ive  and 
worthy of serious  consideration  for  uti l ization  in  the 
field of time and  frequency  dissemination. 

An exotic  time  and  frequency  dissemination  system 
of the  future   may  employ  in   par t   the   above time t ransfer  
mode  with a potential of nanosecond  precision  and 
nanosecond  accuracy of date   t ransfer .   Such  a   system 
might  employ a belt of three  geostationary  satell i tes 
around the globe.  Each  satellite  may  have  an rf com- 
municat ions  t ransponder   and  t r iggerable   pulsed  laser  
irradiating  the  earth.   Using  tr i lateration  with a gr id  of 
synchronous  ground  station  clocks  the  position of the 
satell i te  could  be  determined  to a few  centimeters,   and 
thence  communicated  along  with  the  dates of occur rence  
of the  laser ' s   pulses   to   the  appropriate   receiving  equip-  
ment. A laser s ignal   seems  desirable   because of 



available  bandwidth,  accurately  calculable  path  delay, 
and some comparative  cost   considerations.  
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Fig. 2 Schematic of pulsar  reception  system.  The 
synthesizer  causes  the  signal  averager  to  scan  the 
incoming signal  from  the  photo-tube at an  estimated 
pulsar  rate. 
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Fig. 3 The  differential  fractional  frequency  between 
the  clocks  at  the  Harvard  and  the  Lawrence  Radiation 
Laboratory's  observatories  as  deduced  from  the  arrival 
time at both  observatories of the  optical  pulsar  signal 
NpO532. The  dashed  line  implies  an r m s  t ime  error  of 
about 13 p s  and  the  slope  is  inversely  proportional  to 
the  sample  time--consistent  with  the  assumption  that 
the  reception  times  are  perturbed by a white  noise. 
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Fig. 4 Fractional  frequency  stability a s  a function of 
sample  time of the 60-HZ power line  measured  at 
Boulder,  Colorado.  The  vertical  scale i s  the  square 
root of an Allan variance with N = 2, T = T for  the 
circles,  T - T - 3 ma for  the  squares. and a  system 
bandwidth fh of about 30 Hz. 

Fig .  7 Time  fluctuations of the  differential  delay, 
of the 60-HZ power-line  signal. The upper plot shows 
the  delay (modulo one cycle) between a 60-HZ clock at  
the WWV station  near  Fort  Collins.  Colorado,  and  a 
60-HZ clock  at  the NBS laboratory  at  Boulder,  Colorado. 

TD' 

The  lower plot shows the  delay (modulo one cycle) 
between a 60-Hz clock at  the H P  laboratory in  Santa 
Clara,  California, and the one at NBS Boulder, 
Colorado. 

At each  measuring  site  the 60-Hz clock was compared 
with a  local  atomic  clock. 

?g. 5 A plot rhowing the  detailed  similarity of the 
tlme  fluctuations of 60-HZ (power-line)  clocks  at NBS/ 
Boulder,  Colorado, and HP/Santa  Clara,  California. 
The 60-Hz clock at  each  rite was compared with a  local 
atomic clock. 
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Fig. 6 Fractional  frequency  stability  as  a function of 
sample  time of the  differential  delay of the 60-Hz power 
line between Boulder,  Colorado, and Santa Clara, 
California. 

F ig .  8 Fractional  frequency  stability  as  a function of 
sample  time of the  differential  delay of the 60-HZ power 
line between Boulder,  Colorado, and Fort  Collins, 
Colorado. I 
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Fig. 9 Fractional  frequency  stabil i ty  as a function of 
s ample   t ime  of the differential  delay of the 60-HZ power 
line  between  Boulder,  Colorado,  and  Santa  Clara, 
California. 
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Fig. 11 Range of fractional  frequency  stabilities of the  
T V  color  subcarrier  signals as received in Boulder, 
Colorado,  from all of the  network  studios  in New  York 
City,  New  York,  and  which  were  available at Boulder. 
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SAMPLE TIME , r t s  I Fig.  12 A plot  showing  the  nominal  day  by  day 
fluctuations of the time difference  between the occur-  
rence  of a T V  line- 10 horizontal  synchronization  pulse 

signal f r o m  a live  network telecast. 
Fig. 10 Fractional  frequency  stability of the T V  color and the next zero-crossing Of the eub-carrier 
subcar r ie r   s igna l  as received in Boulder,  Colorado. 
f r o m  a network  studio in New  York  City,  New  York. 
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