Progress and Feasibility for a Unified
Standard for Frequency,
Time, and Length

Abstrcct—The tecent successful extension of
frequency synthesis upwerd in the infrored to
the 86-THz frequency ¢f the very stoble methone
frequency standard hes implications for expend-
ed uses of frequency/time metrology ond hence
of {requency/time disseminotion systems, Affer
further tefirements of the infrored frequency
synthesis techniques, metrologists will haove the
opportunity to define o volue for the speed of
light ond fo use o portitulor fregquency stondard
——the most atcurate one——as o unified stondard
for frequency, time, and length,

INTRODUCTION

The inherently high precision and accuracy
available today in frequency standards and in
frequency /time metrology (see Figs. 1 and 2)
stimulate our technology to devise trans-
ducers thut convert other measurement tasks
to frequency/time measurement tasks [1].
Instruments for measuring length, velocity,
temperature, magnetic field, clectromotive
force, and other quantities are involving
frequency/time 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
disseminate standard frequencies and time
signals, as is extensively discussed elsewhere
in this issue [5]. 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
second), electrical current (ampere), and mag-
netic field (tesla), among others. Even attenu-
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! As a historical note, we point out that in the early
years of radio broadcasts the wavelength aspect of the
broaderst signil was consideied to be of even greater
significance than-its frequency aspect.
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Survey of selecied accurate frequency measurements throughout the cleciromagnetic specirum Cadopied
zcies reflect the state of the art as of the end ¢f 1971, The accuracy capatility of the n

ane

(CH. device is ot piesent about five orders of magnitude grester than the accuracy to which its frequency hus been
measured (see texi), Consult {1] for literature 1cferences for these measurements, except for H:0 (23] und CHy

[25].
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Fig. 2. Accuracy capubility of the four independent
base stzndards as of the end of 1971. They use atomic
cesium for vime, atomic krypton for length, the
protoiype kilogram for mass, and water for tem-
perature [29], [30]. The primary units of measure-
ment of the International Sysiem of Uniis cutrently
are based on thesc standards {17), {31}.

ation, a dimensionless quantity, can be dis-
seminated by amplitude-modulated radio
broadcasts [6).

For most of today's practical measure-
ments. precalibrated commercially available
secondary standards for these various units
are usuzlly relatively inexpensive and are of
adequate accuracy. The marketing of these
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 effect
for frequency /voliage metrology [2}-[4]. 7]
and of infrared (and visible radiation) fre-
quency synthesis for frequency/length metrol-
ogy [8]—create capabilities that perhaps are
best exploited by involvement of the various
frequency/time dissemination systems.

PossIBILITY OF A UNIFIED STANDARD

There is an additional. ard more funda-
mental. change in metrology which these
technological advances are creating. Qne of
these advances is leading 10 the zhitiny in 1the
future to do highly accurate frequency syn-
thesis among the microwave. infrared. and
visible radiation (MR. IR. and VR) portians
of the frequency spectrum (8] This future
ability, coupled with the existing atility 10
transduce between frequency and waveiength
in the IR and VR {91, [10}. will give metrolo-
gists some new options for highly accurate
measurements. Not only will they be able to
refer highly accurate measurements of fre-
quency and time to the most accurate stai-
dard available, as is possible now, but they
will be able also to refer even the most accurate
measurements of length to the same standard
[10]). The ability to transduce between electro-
motive force (EMF) and frequency already
permits the most accurate and precise mea-
surements of EMF to be referred to this
same standard [2}-{4] and with greater ac-
curacy than is attainable via any other tech-
nique jn 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 would be
able to reduce the number of required inde-
pendent base standards to enly three. If this
could be done today, one part of the unifica-
tion procedure would be to use an accurate
frequency standard [1]as the physical realiza-
tion of the unified base standard. With an
accuracy performance of about five parts in
10% as evaluated in three national standards
laboratories [11]-[13]. the well-documented
atomic cesium beam frequency standard is
currently the most accurate type of standard
known, and is likely to remain so for at least
several more years. There are some other very
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promising devices {14] to consider, however,
including the methane saturated absorption
cell 2t 88 THz (present accuracy: =~ 107" [15])
and the atomic hydrogen storage beam at 1.4
GHz (present accuracy: =~ 1071 [16]). One of
these other devices might become the superior
device by the time the unification becomes
feasible and worthwhile, and the choice
should be made on the basis of superior
.utilizable accuracy.

: A second part of the procedure to create
the 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 ¢ would
be chosen to be in agreement with the mea-
sured value of ¢ obtained by a comparison
of the standard for time with the recent stan-
dard for length. As of February 1972, the
value of ¢ is not yet determined to a full seven
digits, and the krypton lamp length standard
is used in many laboratories to at Jeast eight
digits [17), (18]. For the unification to be
fully desirable, it would be necessary that the
value of ¢ 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 at the
Bureau International des Poids et Mesures
[18] and at laboratories in Canada (National
Research Council), England (National Physi-
cal Laboraiory), France (work is coordinated
>y the Bureau National de Métrologie), and
‘he United States (Massachusetts Institute of
Technology, National Bureau of Standards).

For convenience of use, the value as-
signed to ¢ 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 set of digits, taken
as an integer, might be chosen to be factorable
into a product of several smaller integers.
An illustration of a somewhat analogous
situation was the formal adoption in 1964 of
the earlier choice of 919 263 177 as the digits
(ignoring leading and following zeros) in-
volved in using cesium as the modern base
standard for the base unit of time interval.

Finally. a third part of the unification pro-
cedure would be to eliminate the fength stan-
dard as one of the four independent base
standards. Thereafter, length would be a
derived quantity, and, assuming no other
improvements, there would be only three
independent buse standards in the resultant
system of measurement: water for tempera-
ture (kelvin), prototype kilogram for muss
(ki'ogram). and atomic cesium for time
(second).

.. There are some possible arguments against
adoption of 4 unified standard for frequency.
time, and length. We mention three that in-
volve details in the choice of a defined value
for ¢: additional arguments are given pro
and con by McNish [19], Townes {101 Simkin
[20]. Bay [21]. and others.

1) Perhups the Speed of Light 1s Changing
with Time: Hf there are secular changes in the
speed of light. then such changes are too tiny
to have permitted observation, even at the
part per million level. up to the present date.
Null-type measurements can  place  even

“harsher upper limits on  possible secular
.changes. Bay [21] interprets an experiment
of Kennedy and Thorndike to show that the
speed of light “is constunt throughout the

year to within 2 parts in 10°.” To date, the
hypothesis that the valve of ¢ is independent
of time is reasonable 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 (wavelength).

2) Perhaps the Speed of Light Has Differ-
ent Valves at Different Frequencies: There
exists experimental evidence from observa-
tions of the radiation from binary stars and
from pulsars which indicates that the dis-
persion (if any) of the speed 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 defined value for ¢ is for
a specified frequency.

3) Perhaps the Speed of Light Hus Dif-
ferent Values in Different Directions: The ex-
perimental evidence for spatial isotropy of
the round-trip-average (“there and back™)
speed of light is impressive [23], but there is
a paucity of direct experimental evidence
relative to the spatial isotropy of the one-way
speed of light. We offer two suggestions.
First, for the purposes of a unified standard,
it is sufficient and desirable to assign a value
only to the round-trip-average speed of light.
Second, it would be interesting and relevant
to perform an accurate direct test for spatial
isotropy of the one-way speed of light.

DiscussioN

The concept of a unified base standard for
frequency, time, aud length is not new [10].
[19. {20]. nor is the concept of one fully
unified base standard for all quantities—The
Standard {1], [19]). At least one metrologist
has explicitly pointed out that systems of
measurement are possible—but not neces-
sarily desirable—in which there are no inde-
pendent base standards [19].

The new aspect is the recent extension of
frequency synthesis into the IR, with an ex-
pectation of ultimately allowing a very high
accuracy of measurement. The first measure-
ment of the frequency of a laser occurred in
1967 [24]. By late 1971. the upper limit to
which frequencies were measured with refer-
ence 1o the base unit of time had been raised
by two orders of magnitude to 88 THz {25],
the frequency of the very stable methane
saturated absorption cell {15]. [26]. The pre-
ceding letter in this issue gives a briefl survey
of progress in IR frequency synthesis {8].
We note that frequency synthesis into the IR,
in turn, followed the availability in the 1960
of laser oscillators in ihe far-IR, especially
the HCN faser (1964} at 0.89 THz {27].

There seems little doubt that scientists
and technologists do use and wiltl use e fecro
both primary and secondary unified standards
as soon as such a procedure is the technically
superior one, The determination of runge
and range rate by radar in ships and airplanes
is a practical example where already a cali-
brated, sccondury unified standard for fre-
quency, time, and length is used by choice.
Many measuremznts of distance in astronomy
arc referred 1o the base standard for time.
When large distances are to be measured.
often the most accurate determinitions in-
volve time interval metrology and a time
standard.

The present form ot the International Sys-
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tem of Units (S1) realizes its primary units
with four independent base standards. It is
a consequence of historical development and
experimental expertise that we use such a par-
ticular formal system of measurement; no
fundamental physical principle is responsible
for the creation of the present form of the SI.
Hence the SI could be modified if it became
desirable to do so. If the accuracy of IR
frequency synthesis were to improve (o at
least the part in 108 level, and preferably to the
part in 10! level or better, then the oppor-
tunity in the SI to adopt a unitied standard
for frequency, time, and length (based on the
atomic cesium beam) would become at-
tractive.

We expect the spectral range and also the
accuracy of frequency synthesis 1o increase.
No fundamental obstacles are known which
would prevent frequency synthesis upward
into the VR region with accuracies of parts in
10© and better. There are practical difficulties
10 overcome, but several lines of attack wre
already under way. The outlock is promising.
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ime Transyer Using Near-Synchronous
eception of Optical Pulsar Signals

Atstroct—The concept of time transfer be-
ven two geogrophically seporated locations
tiing nearly simultaneous reception times
= 3 common tronsmission hos been wused
v fruitfully, e.g., the TV line-10 time trans-
vystem and Loron-C. Some germone ospects
the concept ore discussed ond use of a sig-
' from the. oplical pulsor NP0532 os the
Aman tronsmitier is tonsidered,

| Thearaticol considerotions suggest thet time
'd be trecnsferred using this mode 10 an accu-
y of obout 2 us and with globgo! coveroge.
"+ Zota were mode ovoiloble from Lowrence
Fotion Luborotory giving the dotes of pulsor
213 received ot their observatory and also
the Harvard Observatory. A precision of

{.nuscript received February 15, 1972, Contribu-
<" the National Bureau of Standards, not subject to
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Fig. 1. Concept of precise time transfer using nearly
simultaneous reception time of signals from a com-
mon transmitter,
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about 13 us waoas inferred from the dota
analysis,

This optical pulsar time tronsfer system
seems to be femible ond worthy of further
considerction because of the high otturocty ond
precision (a few microseconds for both) po-
tentially achievoble. For this polentiol, the de-
velopmen? cosls appeor to be faovorobly com-

petitive,

. Time synchronization or comparison of
remote clocks is a common but often difficult
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 to all other similar
tracking stations around the globe to within a
few microseconds. Many techniques have

_been developed and/or employed to satisfy

the above needs, e.g., pprtable clocks, a mul-
tiplicity of satellite timing approaches, and
the multimillion-dollar moon-bounce tech-
nique [1}-{10). 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 1o
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 {11]-116). Then the same method will be
discussed with reference to its applicability to
pulsar signals.

Fig. I illustrates this method in which
time transfer or synchronization is accom-
plished by receiving signals at 4 and B at
nearly the same time from a transmitter com-
mon to both receivers. In many cases. clocks
A and B are much more stable and accurate
than the transmitter clock; nevertheless, the
transmitted signal as received can be used as
a time transfer device. Under certain assump-
tions the instabilities of the transmitter and
the propagation medium to first order con-
tribute neither 1o the imprecision nor to the
inaccuracy of the time transfer system.

As a more detailed analysis, suppose that
at a time 7x an identifiable signal, e.g., a pulse
or a zero crossing of a sinusoid, Is emitted
from the transmitter shown in Fig. 1. Let
7xa and rxp be the propagation and equip-
ment delay times from the transmitter to the
time interval counters at A and B, respcc-
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tively. If the readings of clocks 4 and B are 4
and g, respectively, then the difference in the
readings of the time interval counters will be

lta = (tx — 7x2)] = ftg — Ux — 7x8)]
={4—tg+tp (1)

where rp is the differential propagation delay
txa—rtxs. If 75 is calculable, then abviously
the time difference between clock A and clock
B can be accuraiely determined within the
uncertainty of the calculated differential delay.
If 7p is not calculable, then it needs to be
measured, e.g., with a portable clock. The
stability of 7p in either case will determine a
fimit for the precision with which the time dif-
ference r4—1tp can be measured by this sys-
tem. If the propagation and equipment delay
paths are similar, the differential deiay rp may
be extremely stable, e.g., for TV timing sev-
eral nanosecond stabilities over several sec-
onds have been achieved within a given trans-
mitter locale [17].

- Note that in this simple case the time of
emission of the idemtifiable signal cancels in
(1). However, in general, the identifisble sig-
nal will be repetitive, and 4 and B can receive
events with different transmission times. All
that needs to be added to (1) is the transmit-
ter emission time difference Ary of the differ-
ent events received, which can often be in-
ferred from the repetitive nature of the signal,
assuming the ambiguity can be resolved. In
some cases ambiguity resolution may be dif-
ficult {15). Measuring different events usually
places very minimal constraints on the trans-
mitter’s stability and accuracy. That is, if &1
represents the precision or accuracy desired
of the time transfer system, then the stability
of accuracy, respectively, of the transmitter
need only be better than 81/A7x. For example,
if time transfer is desired to a precision or
accuracy of 1 us, then Arx can be several
hundred seconds and still require only 1 part
in 10° 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, 1AT (BIH), employs Loran-C and
TV signals-in this time transfer mode, and
achieves precisions of a few tenths of a micro-
second between scven international Jabora-
tories utilized in the scale [18]. The standard
time and frequency radio station WWV g
synchronized with respect to the Atomic Time
Scale UTC (NBS) to a precision of about
30 ns using the TV line-10 time transfer sys-
tem developed by the National Burcau of
Standards [19]. Some satellite systems employ
this mode for time transfer, and long base-
line interferometry indirectly employs this
mode as data are cross-correlated with im-
pressive precisions in the picasecond region
120). Though this letter is an effort to explore
some of the capabilities of pulsar signals when
used in the above time transfer mode. there
are other interesting unexploited systems
where this mode of time transfer is possible
and perhaps uscful. For example, the TV
color subcarrier signal (3.58 MHz) appears to
have stabilities in the nanosecond region over
thousands of miles with, however, some ditfi-
culty in removing the ambiguity [15]; and
even though the G0-Hz power-line system has
very poor stability, the stability of the differ-
ential delay of this coherent power-line grid
appears to be in the submillisecond region.




