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Progress and Feasihility for a Unificd 
Standard for Frequeiicy, 
Time, and Length 

Abstrcct-The iecent successful extension of 
frequency synthesis upwcrd in the  infrored to 
the 86-THz frequency of the very s table  methane 
frequency stondard h c s  implicotions for e x p c n d -  
e d  uaes of frcquency/t;me melrology a n d  hence 
of  frequency/time disaeminotion systems.  Afier 
furiher ie f irements  of the infrored frequency 
synthesis techniques,  metrologists will h a v e  the 
oppor!unity to define o volue for  the speed of  
light o n d  fo use  o particular frequency stondord 
-the most occurote one-os a unified stondord 
for frequency, t ime, and length. 

I~TRODUCTION 
The inherently high precision and eccuracy 

available today in frequency standards and in 
frequcncy/timc metrology (see Figs. 1 and 2) 
stimulate our technology to devise trans- 
ducers th:,t convert other measurement tasks 
to frequency/time measuremcnt tasks [ I  I. 
1ns:rumeiits for nieasuring length, velocity, 
tempcrature, magnetic field, clectromoiivc 
rorce, and other quantities arc  involvitig 
frequencyltime metrology to a greater and 
greater extent. These involvements span the 
range from basic concepts. such as using the 
Josephson effect to maintain the working volt 
in national standards laboratories [2]-[4]. to 
applied operations such as radar speed mea- 
surements in law enforcement. 

Many systems exist which are able to 
dissem i na t e standard frequencies and time 
signals, as is extensively discussed elsewhere 
in  this issue [SI. With the help of appropriate 
transducers, such as the Josephson junction, 
these same systems may be used to dissemi- 
nate some other standard units of measure- 
ment, including those for electromotive force 
(volt), length (meter): velocity (meter per 
secon'd), electrical current (ampere), and mag- 
netic field (tesla), among others. Even attenu- 
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I As a historical noic.u'c point out that in ihc wrly 
ywrs of radio brobdwsts 111e wavelength aspcct of the 
broadust sign.11 was considered to bc of even grciicr 
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Fig. 2. Accurdcy capshili!). of ihc four indepcndcnt 
baxrtzndardsasoftheend nl'1971. The) useatomic 
ccsiuni for *;me. ainn:ii k;r?pton lor length. t l x  
proto;?p kilogram for mass. and waicr lor Icm- 
peraiure 1291. I l O j .  The primary units of musure-  
men1 of the lnlernational S)s:cln of Units currenily 
are bawd on ther  standards 1171. [31 ] .  

ation. a dimensionless quantity, can be dis- 
seminated by amplitude-modulaied radio 
broadcasts [a). 

For most of today's practical meazure- 
ments. precalibrated commercially available 
secondary standards for these various units 
are usuzlly relatively inexpensive and are of 
adequate accuracy. The maiketing of thesc 
secondary standards suffices for much of the 
necessary dissemination of these unitS of 
measurement. However. some important 
present and future technological advances- 
such as the utilization of the Josephson erect 
for frequenq./volmSe metrology [2]-[4]. [7 ]  
and of infrared (and visible radiation) fre- 
quency synthesis for frequency/length metrol- 
ogy [S]--create capabilities that perhaps are 
hest exploited hy in\ol\ement of the various 
frequency/time dissemination systems. 

POSSIBILITY OF A USIFIKD SSLYS-\I:D 

There is ail additionzl. m d  mcrc funda-  
mental. change in me t ro l cp  uhich i!icse 
technological advances arc c r r a t ;n~ .  Onc of 
these advanccs is k a d k g  IO ihe Zt-i!iiy I;> ihe 
future to do'highly accixate frequent). syn- 
thesis among the microu,a\e. infrarcd. Lnd 
visible radiation [ \ l R .  IR.  and i ' R )  poriit?ns 
of ihe frequency spectrum is!. This ftirure 
ability, coupled with the existing ability 70 
transduce between frequency and wa\e;tn;ili 
in the IR and \'R [9], [lo\. \vi11 give metrolo- 
gists some new options for highly accur3t-z 
measurements. Not only will they Ix ahlc to 
refer highly accurate mevurenients of fre- 
quency and time to the most accurate stzii- 
dard available. as is possiihie riou'. blil :hey 
will be able dso to refer even the m a t  2ccur3tc 
measurements of length to the same standard 
[lo]. The ability to transduce between electro- 
motive force (EMF) and frequency already 
permits the most accurate and precis. mea- 
surements of EMF to be referred IO this 
same standard [2]-(41 and with greater ac- 
curacy than is atlainable via any other tec!i- 
nique in EMF standardization. 

Today we require and use four indepen- 
dent base standards to realize the primary 
units of measurement (see Fig. 2). By pro- 
gressing 10 a unified base standard for two of 
these units (time and length) we wou!d bc 
able to reduce the number of required ilidc- 
pendent hase standards to only thrce. I f  this 
could be done today. one part of the unifica- 
tion procedure would be to use a n  accurate 
frequency standard [ 1 1  as the physical realiza- 
tion of the unified base standsrd. \Villi an 
accuracy performance of about five parts i n  
lois as evaluated in three national standards 
laboratories [11]-[13].  the well-documented 
atomic cesium beam frequency standard is 
currently thc most accurate type of standard 
known. and is likely to remain so Tor at least 
several more years. Thrrc arc somc othcr \.cry 
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promising devices i14] to consider, however, 
including the methane saturated absorption 
cell a? 85 THz (present accuracy: = 10-1’ [IS]) 
and the atomic hydrogen storage beam a t  1.4 
GHz (present accuracy: (161). One of 
these other devices might become thesuperior 
device by the time the unification becomes 
feasible and worthwhile, and. the choice 
should be made on the b s i s  of superior 
.utilizable accuracy. 

. A second part of the procedure to create 
d e  unified standard for frequency, time. and 
length would involve assignment of a con- 
ventional numerical value to  represent the 
speed of light c. This defined value for c would 
be chosen to  be in agreement with the mea- 
sured value of c obtained by a comparison 
of the standard for timc with the recent stan- 
dard for length. As of February 1972, the 
value of c is not yet determined to a full seven 
digits, and the krypton lamp length standard 
is used in many laboratories !o a t  feast eight 
digits (171, [IS]. For the unificstion to be 
fully desirable, it would be necessary that the 
value of c would be determined to as many 
digits as the usable quality of the recent 
length standard would allow. Hopefully. the 
gap will be closed soon by experiments a t  the 
Bureau lnternational des b i d s  et  Mesures 
[IS] and at  laboratories in Canada (National 
Research Council), England (National Physi- 
cal Laboraiory), France (work is coordinated 
:y the Bureau Na!ional de MGtrologie), and 
.he United States (Massachusetts Institute of 
Tcchnology, Na:ional Bureau of Standards). 

For convenience of use, the value as- 
signed to  c would be a terminating decimal 
fraction containing a minimal number of 
digits, consistent with the previous require- 
ment of faithfully rendering the quality of the 
recent length standard and also consistent 
with the possibility that the sct of digits, taken 
as an integer, might Lw chosen to be factorable 
into a product of several smaller integers. 
An illustration of a somewhat analogous 
situation wzs the fxmal  adoption in 1 Y 6 1  of 
the earlier choice of 919 263 177 as the digits 
(ignoring leading and following zero>) in- 
volved in using cesium as t lx  modern base 
standard for the base unit of time interval. 

Finally. a third part of thc unification pro- 
cedure would he to eliminate the length stan- 
dard as one of the four independent base 
standards. Thercafter. length would tw: a 
derived quantity, and. assuming no other 
improvements, there would be only thrce 
independent base standards in the resultaqt 
system o f  measurement: water for temprra- 
titre (kelvin), prototype kilogram for m m  
(ki!ogram). and atoniic cesigm for  time 
(secon d). 
.. There are sonic pcnxihle argumrnts ajiainst 

a d o j ~ i o n  of a uniticd standard for frequcncy. 
timc. and Icngth. \Vc rnentinn tlircc that in- 
volve details in the choice of a defined value 
for c ;  additional a rpmcn t s  arc givcii pro 
nndcon by SlcNish [IY].To\vncs !Inl.Siniiin 
[20]. t h y  [’I 1. and othcrs. 

I )  PrrliLipr Ilic Sprrd of Ligiu 1.r Ciiuii,yin:; 
with ’Tiine: I f  t l i m  arc secular changes i:i the 
speed of light. tlirn such chnngcs are too tiny 
to have permitted olservation, even at the 
part per million level. up to tlie prdsnt  date. 
Null-rype niesurements can place e\’cn 

‘,harsher upper limits on possible secular 
changes. Bay 121 1 interprets an experiment 
of Kennedy and Thorndikr io show that the 
spcrd of light “is constant throughout the 
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year to within 2 parts in IOe.” To date, the 
hypothesis that the \slue of c is independent 
of time is reasonab!e and tenable. We note 
that the proposed unified standard is neither 
more nor less dependent upon this hypothesis 
than is the present atomic krypton-86 stan- 
dard for length. Both methods rely upon the 
spatial extension of radiation (rvave1eng:h). 

2) Perhap3 the Sped of Li;.hf Hus Di‘er- 
etit Yuliies at Different Frfqueilcies: There 
exists experimental evidence from obserua- 
tions of the radiation from binary stars and 
from pulsars which indicates that the dis- 
persion (if any) of the s p e d  of light is negligi- 
ble cornpared to the inaccuracy of the most 
accurate frequency standards [20] ,  [22]. But 
even if the speed of light were found to be 
dispersive, the problem could be nullified by 
stipulating that the defincd value for c is for 
a specified frequency. 

3) Perhips the S p e d  of Light Hus DiJ- 
fcreiit Liif:ies in Different DirecfioitJ: The ex- 
perimental cvidtiice for spatial isotropy of 
the round-trip-sverage (”there and back”) 
speed of light is imprctssi\e [23], but there is 
a paucity of direct experimental evidence 
relatibe to the spatia; isotropy of the one-way 
speed of light. We offer two suggestions. 
First, for the purposes of a unified standard, 
i t  is suficient and dsirnble to assign a value 
only to the round-trip-average speed of light. 
Second, it \vould be interating and relevant 
to perform an zccurzte direct test for spatial 
isotropy of the one-way speed of light. 

Disctissio~ 
The coccept of a unified base standard for 

frequency, time, a:id Iensth is not new [lo], 
[I!+]. [ZO]. nor is the concept of one fully 
unified b a e  standxd for all quantities-The 
Standard [I] ,  [19]. At least one metrologist 
has explicitly poinieci out that systems of 
measurement are possible-but not neces- 
sarily desirable-in which there are iro inde- 
pendent base standards [19j. 

The new aspect is the recent extension of 
frequency synihesis into the IK, with an ex- 
pectation of ultimately ni!owing a very h!gh 
accuracy of measurement. The first measure- 
ment of the frequency of a laser occurred in 
1967 [ ’A] .  By late 1971. the upper limit to 
which frequencies \\ere measured with refer- 
ence to thc bzse unil of lime had bern rzised 
by two orders of m3gni:udL: to 8s THz  {3], 
the frequency of the very stable methane 
saturatrd absorption cel! [ 151. 1261. The pre- 
ceding letter in this issue gibes a brief survey 
of progress in l l<  frequency synthesis [8]. 
We note th3t frcqueniy synthesis into the I l l .  
i n  turn, follo\vcd tl?c a\.?il;tbility in the 196!)’s 
of laser oscilhtors in i k t  far-iR, especial!y 
the HCN laser ( I Y G )  at 0.89 THz [27]. 

Thrrc seems hitic doubt that scicntists 
and technologists d.) use and \ d l  LIFC r L - j k - t i i  
both primary and stcondsry milicd st:tncixds 
as soon as such a p:ciccJurr is thc tcchnicrlij. 
superior onc. Thc tktcrm;:iatio:: of r q y  
and range rate by radar in ships and ai:planc.s 
is a practical tsarnp!c uhrrc already a cali- 
Or:ttcd, s c c o n d q  unified stsnrlard far frc- 
qiiency, time. and length is u%\l hy ChJke. 
Many measurrmrnb of distance in as t roxmy 
arc referred IO thc b.ix standard fo r  tinic. 
\Vhm large dislaiitxs are to be niea=,urc:d. 
oftcn the moat ac:*u:3tc tletermin.itions in- 
vohr time interval mctrolosy and a tiinr 
staildard. 

The preent form i4-the Intcrnaiinnsl Syj- 
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n? Transfer C‘sing Near-Synchronous 
ctption of Optical Pulsar Signals 
Akstract-The concept of t ime t ransfer  be- 
’2- two geographica l ly  s e p a r a t e d  locotionr 
ising neorly s imul taneous  recept:on t imer 
: J c o m n o n  transmission hos b e e n  used 

frui l fu l ly .  e g., ( h e  TV l ine-10 t ime trons- 
>ps?em a n d  Loran-C Some g e r m o n e  ospertr 
- e  concept ore di rcus tcd  a n d  u w  of a sig- 
‘*om the opticol pulsor NP0532 a s  the  

i m m  transmitter is  considered. 
Thmrcticpl considerotions suggest tho,  t ime 
d be t rcnsfcr red  using this mode  to a n  O C C U -  

o f  obo9,t 2 /IS o n d  with g loba l  coverogc. 
? i n t o  w e r e  m o d e  ovoi lab le  from Lawrence 
stion Loboratory giving t h e  d o t e s  of  pul ror  

3’; received at the i r  observotory o n d  olso 
Harvord Observotory.  A precision of 

’. nus:ript received Fchruary 15. 1972. Contribu- 
:‘;he Zxtionnl Bureau ofSt:lnd.irds. not subject lo _ .  
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CLOCK GI C L Q C t  0 
Fig. 1. Concept of precise time transfer using nearly 

simultaneoiir reception time of signals from a com- 
mon rmnsmirrcr. 

about  13 ps wos inferred from the d a t a  
onolysis. 

This opticat p d s o r  t ime tronrfer syslem 
seems to b e  feorible a n d  worthy of further 
consideration bccousa of ?ha high  accuracy and 
precision (0  f e w  microrccondr for  both) po- 
tentiolly achievable.  For this polcntial ,  the  dc- 
velopment costs a p p e a r  t o  b e  fovorobly com- 
petitive. 

. Time synchronization or comparison of 
remote clocks is a common but often di%cult 
to achieve need among the users of precise 
time signals. For example, the clocks at a 
satellite tracking station may need to be syn- 
chronized with respect t o  all other similar 
tracking stations around the globe to within a 
few microseconds. hlany techniques have 
been develop4 and,.’or employed to s3tisfy 
the above needs, e.g., portable clocks, a mul- 
tiplicity of satellite timing approaches, and 
the multimillion-dollar moon-bounce tech- 
nique [l]-[lO]. Though the‘cost for a single 
portable clock trip is not prohibitive, the ac- 
cumulated investment for any of the above 
has been very large. This letter is an effort to 
present what may be a less expensive oper- 
ational system for accurate time synchroniza- 
tion (or comparison) to within a few micro- 
seconds and with essentially global coverage. 

From among the many methods that have 
been developed for time transfer or remote 
clock synchronization, one method will be 
discussed which has yiclded some fruitful 
results during the past few years using TV sig- 
nals \!l]-ilG]. Then the same method will be 
discussed with reference to  its applicability to 
pulsar signals. 

Fig. I illustrates this method in which 
lime transfer or synchronizaiion is accom- 
plished by receiving signals at A and B at 
nearly the same time from a transmitter ccm- 
mon to both receivers. Tn many cases. clocks 
A and 13 are much more stable and accurate 
than the transmitter clock ; nevertheless, the 
transmitted signal as rcccived can be used a 
a time transfer device. Under certain assump- 
tions the in>tabilities of the transmitter and 
the propagation mr.diunt to first order con- 
tribute neither to the imprecision nor to the 
inaccuracy of the time transfer system. 

As a more detailed analysis, suppose that 
at a time r.v an identifiable signal, e.g., a pulse 
or a zero crossing of a sinusoid, is emitted 
from the transmitter shown in Fig. I .  Let 
T ~ . ,  and T X B  he the propsgation and equip- 
ment delay times from the transmitter to the 
time interval counters at  A and 8, respa- 

tively. If the readings of clocks A and B are I,, 
and f B ,  respectively, then the difference in the 
readings of the time interval counters will be 
( ( A  - (IX - T.Y. , ) ]  - [tH - (IS’ - T S B ) ]  

= ( A  - + T D  ( 1 )  
where r D  is the differential propagation delay 
TX.4-TX8.  If TIJ  is calculable, then obviously 
the time difference between clock A and clock 
B can be accuraiely determined within the 
uncertainty of the calculated differential delay. 
If T D  is not calculable, then it needs to be 
measured, e&, with a portable clock. The 
stability of T D  in either case will determine a 
limit for the precision with which the time dif- 
ference f * - t B  can be measured by this sys- 
tem. If the propagation and equipment delay 
paths are similar, the differential deiay T D  may 
be extremely stable, e g ,  for T V  timing sev- 
eral nanosecond stabilities over several sec- 
onds have been achieved within a given trans- 
mitter locale [ 171. 

Note that in this simple case the time of 
emission of the identifiable signal cancels in 
(1). However, in general, the identihsble sip- 
nal will be repetitive, and A and B can receive 
events with different transmission times. All 
that needs to be added to (1) is the transmit- 
ter emission time difference d r . ~  of the diffcr- 
ent events received, which can often be in- 
ferred from the repetitive nature of the signal, 
assuming the ambiguity can be resolved. In 
some c s e s  ambiguity resolution may be dif- 
ficult [IS]. Measuring different events usually 
placesvry minimal constraints on the trans; 
mitter’s stability and accuracy. That is, if 6r 
represents the precision or accuracy desired 
of the time transfer system, then the stability 
or accuracy, respectively, of ihe  transmitter 
need only be better than Af/A/,y. For example, 
if time transfer is desired lo a precision or 
accuracy of 1 j ~ s ,  then A i s  can be several 
hundred seconds and still require only 1 pwt 
in lo9 stability or accuracy, respectively, of 
the transmitted signal. 

There are several important time transfer 
users employing this near-synchronous recep- 
tion mode. The International Atomic Time 
Scale maintained at the Bureau International 
de I’Heure, IAT (BIH), employs Loran-C and 
TV signals’in this time transfer mode. and 
achieves prtxisions of a few tenths Of 3 micro- 
second between seven international 1ahor~-  
tories utilized in the scale 1181. The standard 
time and frequency radio station i V i V V  is 
s)nchronized with respect to ihe Alomic Time 
Scale UTC (NBS) to a precision of 3Sout 
30 ns using the TV line-I0 time transfer sys- 
tem developed by the No!ionsl Bureau of 
Standards [ 19). Some satellite systcms eniploy 
this mode for time transfer, 2nd long bpsc- 
line interfcrometry iiidirecily employs this 
mode as ds!a are cross-correlated w i t h  irn- 
pressive precisions in the picosecond region 
[ZO]. Though this Ictter is an effort to explore 
some of the capsbiliiies of pulsar signals whcri 
used in the above time transfer mode. there 
are othcr interzsiing unsxploitrd systciiis 
where this mode of time tr;tnsfer is p o s h l e  
and pcrhaps uscful. For example, i h r  TV 
color subcarrier signal (3.58 MHz) appears io 
ha\e stabilities in the nanosecond region over 
thousands of miles with, however, some dit& 
culiy in removing the ambiguity 1151; and 
even though the CGHz power-line sjstem has 
very poor stability. the stability of the differ- 
enrial delsy of this coherent power-lint grid 
appears to be in the submilliitcond region. 


