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ABSTRACT

Over the last three decades we have
seen methods evolve for the characterization
of clocks and oscillators. The principal
progress has been made in the time domain,
but significant clarification has occurred
in the freguency domain as well. We now
have a CCIR recommendation and an IEEE
standard for clock characterization.
However, as we see the frontilers pushed
forward, we can see a demand for even more
exacting characterization of vscillators and
clocks. The effect of environmental
perturbations on clocks and oscillators is
likely to beccme even more important as it
effects the long-term stability. In
addition, we see an important need to
characterize measurement systems. To date,
there is no sztandard for the proper
characterization of measurement systems.
Yet often the techniques for comparing
either laboratory or remotely separated
clocks may limit their frequency or time
stability. As we look a decade ahead, these
measurenent concerns become even more
important. Hence, there is a clear need to
arrive at measures for characterizing
measurement systems. In addition, we need
to refine our ability to characterize the
advanced clocks we anticipate in the coming
years. Stronyer ties with the
telecommunications industry, where systen
timing and synchronization needs are high,
will be mutually beneficial to both fields.
This paper reviews some of the highlights of
time and frequency metrology, makes
recommendations for some needed
standardization, and calls attention to
certain unresclved problenms.

INTRODUCTION

There is a need to be still mnmore
definitive in the measures we use to
describe time and frequency (T/F) devices,
and comparison systems. There are now a
useful IEEE standard (No. 1139-1988) and a
consistent CCIR recommendation for
characterizing clocks and oscillators. [1]
There is not, however, a similar measurement
standard for time and frequency measurement
systems (which might include clocks and
oscillators). .

Since the construction of the first
atomic clock in 1948 we have seen about a
factor-of-10 improvement in accuracy of
primary standards every seven years. We
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expect this trend to continue. This will
place new demands on metrology within the
lab as well as on comparisons of clocks
remote to each other.

In addition, as we design servo
electronics, we cannot optimize system
design unless we have properly characterized
both the frequency standards involved and
the measurement electronics. Within the
laboratory environment this is often done
well. However, when servo-controlling
clocks remcte from each other, serious
mistakes are often made.

FOUR AREAS OF t/F METROLOGY

There are four gensral categories of
time and frequency wmetrology as shown in
Table 1. The first category involves
frejguency sources. Hany advances, large and
small, over the years have produced devices
of remarkable stability and accuracy. A
recent exauple Is the work of Andrea De
Marchi (2], who showed how Rabi pulling in
cesium-beam frequency standards degrades the
long-term freguency stability of these
devices. Understanding these effects, he
then showed how to reduce environmental
perturpations on cesium standards. A
significant improveuent in long-term
frequeancy stability and accuracy 1is now
available.

The second category is turning a
frequency standard into a reliable clock.
At first thought, counting cycles from a
frequency standard seems straightforwvard.
But there are problems knowing absolute
delays through critical parts of the
measurement equipment. At the sub-
nanosecond scale and over long distances,
knowing these delays poses significant
challenges. 1In addition, there is promise
for a freguenyy standard in the optical
region of the spectrum. We avre probably
decades away from being able to count
optical frequencies without degradation. A
breakthrough is needed.

Included within this second category is
the important problem of properly using
combining algorithms. When there is more
than one clock, how should the readings be
combined? Here again characterizing both
the clocks as well as the measurement
systems is essential for algorithm
optimization. caution is necessary
because algorithms can make matters worse,
Properly used, algorithms can provide
improved reljability and performance. Past
work has demonstrated that for intermediate
and long-term fregquency stability, the
output of an algorithm can be better than
the best physical clock in the system. Now,
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Fig.1. 2 fundamental concept diaggam

showing the properties and weasures for
clocks in contrast to measurement systems.
The measurement system can be in  the
laboratory or it can bhe a conparison sysitem
for measuring clocks remote from sach other.
These concepts could also apply to a phase-
locked servo system or a time disseminati
systemn.

time. If the clocks are ideal the residuals
around the mean freguency will have a whit
noise FM spectrum {random-wallk PM) in some
useful regions of VFourler space. in
contrast, for a measurement systea the basic
guantity of lwportance is the phase or cime
difference and not the freguency with a few
exceptions. Hence, in the y of an ideal
measurenent systew the rvesidnals will have
a white-noise M spectrunm.

our conclusions from this distinction
is that 5 (f), 0y(1) or wodo, (1) are useful
nmeasures for characterizing wost ¢locks and
frequency standards (y is the reliative
frequency and % is the time residuals gotten
by integratving yj. $imilarly, we conclude
that 8 (L}, S,{%). (7} and o {v) are useful

measures for characteiising typical
measurement. systems. s, {f) or U$(f) are
often usad to characterize precice

oscillators and have baen shown to have
useful properties. liowever, because
frequency is basic and phasze cr tine is
proportional to the integral of freguency,
the spectruwm of the phase or the time will
behave like the fregaency spe um Givided
by £°. Walls and Parcival [3] have shown
that, within a finite analyser band-width,
significant biases (several decibels) can
ocour as & result of the steeper slopes
typicaliy used in modeling the phase or taime
spectral density for precision cscillators.
Of course, corrections can be made for this,
but the potential for erroi is ygreater. 1In
general, if a spectrum lg more naariv Flat,
then these bilases will be negligible. 1t
might well be wise to limit the use of these
latter measures (S, {E} and  $(£)) for
measurement svstem characterization. In the
time domain the preference for measuring the
frequency stability of a measurement systen
or of & time and freguency comparison oOr
dissemination system is modoy(r).

1

dissemination system is moda (7).

For the frequency dowain, IEEE Standard
1139-1988 recommends the measures given in
Table 2. [1}] From the arguments above we
conclude that these form a goocd selt of
measures for frequency standards and clocks
as well as ror measurement systems. Tn t}
time domain we conclude that the measur
recommended are a good set for fFreguen
standards and c¢locks. But these -
deficient for chavacterizing measureme:
systems. Table 3 lists the recommended
measures along  with a  proposed tine
stability (TVAR) measure which satisfies
this deficlency. Table 4 lists the spectral
density relationships for this measure and
the range of convergence. Yor a finite data
set an estimate of this measure ('CVAR) is

2 N-3n+1
aL(t) = v o
60 (N-3n+1) =
(2)
(n~k~; V2
L ) ‘
2, (Kion -/{“]1,\{1,)) ,
i=k
whera 7 = n7g.

Eqnat;qn (2} and Table 3, show that the
supsgrlpt i denotes data taken from the
original set, whereas the subscript Kk
denotes an average over n values of the x.s.
Tp:.avaraging ¢t the x;5 has the effect of
digitally narrowing the bandwidth in the
software to [ = f§/n, where f, is the
hadware panduidth  of the meésurement
system. {1]{4}[5](&)

Figures 2, 3 and 4 are the time-to-
fréqyenuy domain mappings for o1y,
modol (7)) and for U:(I), respectively. Each
of the three figures shows the usual rarce
of applicability for precision oscillators
qnd for measuvenent systems. In Figure 4 we
immediately see an advantage of using o, (7).

Table 2. 1EEE Standard 1139 (1988)

Frequency Domain Spect

S U0, 5,(0), S,(£), or s

Relationships:

5, () = -
8 (1) (2n1)% s (t
5t i) ? s, (1)
1
8. (£) & = 5 (F)
y A f
(Auvo;
2




Table 3. TEEE Standard 1139 (1988)

Time Domain Variances

AVAR:
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Table 4. Spectral Density and Time
Domain Relationships

s (f) . 7,

2
a” (r) . rn,

B = -n-1,

~5 < B <1

where §_(f) 1is the spectral density of the
time difference measurements, x, and B
denotes the kind of power-law spectrum.

s (£) . £”
Y

where y is the normalized frequency.

Since the usual types of measurement noise
are centered arcund g = 0, this gives a
near-zero dependence on 7 (a desirable trait
for a goced weasure). Other useful
characteristics of this measure are:

it 1is equal to the <classical
standard deviation of the time
difference measurements for 7 = Toe foU
white-noise PM;

it eyuals the standard deviation of
the mean of the time difference

measurements for v o= Uy, (tho daba
length), for whita-noise PU;

it is convey o oand well behaved
for the randem proce s ooty
encountered in time W3 Traeguensy
metrology;
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Fig. 2. The Line rapresents the
corresponding valua of o for eac

. the rectangle is  hte  graphinally
illustrate where the birnad line is
applicable for clock noise. =imilarly, the
circle is to ouraphically illustrate where
the broad line is applicable for measurement
systen noise.

Other important considerations for a
measurement, comparison, or dissemination
system are tims acocuracy, [reguency accuracy
and frequency stabilityv. For s weasurement
system, freguency accuracy will typically he
a function of Lhe ave ing tim: as well as

the processing method. As  shown belore,
-his can be very iaportant. T owill give
another illustvation lator,

Whereas the discuszion above hns

focused on time and {regquency s
meazures, tige and frequency acours
alzso very important Lo nmetrology. Freauenoy
accurzacy as it relates bto the fundamental
definition of
hand. Hos

ams o be well in

is » deficiency in the
Literatur on ta the Aefinifion of
and use of Lime aoouratTy Lludlted wor
been done. [7] Absolate  frequens
meaning in physics bsolute tiwe deoes
not. Time agou? i
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Fig. 3. The broad line represents the
corresponding value of a for each value of
[T The rectangle is to gr(,pn‘cally
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applicable for clock noise. Siwnilarly, the
circle is to grephically illustrate where
the broad line is appllcable for measurement
system noise.
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Fig. 4. The broad line represents the
corresponding value of £ for each value of
7. The rectangle 1is  te  graphically
illustrate where thie  broad line is
applicable for clock noise. Similarly, the
circle is to qxaphlral‘v illustrate where
the broad line is applicable for measurement
system noise.

reference to a de red point including all
relativistiz e¢ffects. The zcouracy of
transferring time from an agreed upon
standard to anotuer point is often hard to
evaluate or escimate at high levels of
precision. Unknown systematic delays and
deldy variations often become very important
in this regard.

CHARACTERIZATION OF SYSTEMATICS EYFECTS

Properly characterizing the stochastic
processes allows optimal estimation of the

environumental perturbations due to
temperature, humidity or other factors. I1f,
for exawmple, we see white-noise FM (a = 0)

cimator

in a cesium standard, the optimum es

J1

the frequency and not a quadratic on the
time residuals or on the phase residuals.

Often we see random-walk FM (a = ~2) as the
long-term behavior of cesium or rubidium
standards. If we wish to estinate itequwm 1%
drift in the presence of this noise 2
optimum estimator 1is a sccond-difierence
operator, rather than a siople linea
egression. [1}

1f a modulation side-band is fount in
the data, due, for example, to a diurnal
effect, then such a side-band can be cleaily
seen when analyzed in the Erequency domain.
Tt can also be observed in the time domain.
Figure 5 shows the effect of modulation on
a o,{(7) plot. The effect of modulation
decays as 1/7, whereas the white-noise PH
background decays only as 7 /%,

Side band & White P'M

T
b S— S —
me N%'
.
“
N
® e ~
'L

Fig., 5. bn illustravion of the aifect of a
moduluation side hand on top o a4 white-noise
PM packground. Tiie solid straight lines are
the theoretical wmaximwn and nioimum Limits
tor ¢, {71).

COMPARISON OF l)y('r) AD o (1)

The TEEE and CCIR definition for uif('l)

is
0l () = U, VT, (3)
here
X.

e T 4
v, (4}

Thia es
1f the

15 an Gptimum esblinate
Z stduals s white
rioise FM. This aoise is the theoretically
erpected nolse for &  passive  altomice
frequency standard. The Flrst-dificreix
operator allows this neasure  to  cemain
convergent for the low-ivequency divergent
power~law spechtira met in wodeling preo Lslon
osciitators. Other advantages ol (}L(I) age
that it is egual Lo che ¢lassical vaclancs
tar white FM. 1t is thoecred al]y derivanie
from any of the GO Y O

density models in precice Llators, 1t
iz intuitvive in that 1t is a measure of the
change in frequency over some Interval 7 as
nmay be germane, for example, in determining
the: optimam attack Lime Tor a servo design
or for choosing the appropriate oscillator
for a radar returned signal. In addition to

T
Lhe 1

i




these theorerical and practical ad antages,

ve  have  from the arguments above  an
additinnal intuitive feeling for why o (1)
is A good  wmeasure for clocks | and
cillators. [t is an opbimum estimation of
requency change fov white-noise FH.

The principal disadvantage of ¢ LE7) s
the ambigoity {or now& ~lavw proo nssde with
a z +1 where wa cannol eas 51)/ distinguish
between vbite noise PM and £1icker “neise P
This ambiguity the main wotivation Feor
the moda (7). As shown
above, Herences ‘adjacent optimum
f[rf.quunu'j astinates (for white-noise Fit)
ncach nred aver an interval 7. i

vihi
t ] A gond  measure  for  freguen
stapitity, it

Was
development  of
g (1) Ai

mean

has limitations ag a measure

where time or phase the basic quantity,

s for mersuremant systens or for the
synchroen| don of networ

f"ira(“e is dorived directly from

associasted
can be used
and fiickey-

hag afl the
example, o (1)
Lvaen whrita

moda (g
Lx(lvar.f v £
o differonlia

noize V. Yhe difference expra:

for 4 (r) 1w
g, (v) = 5}
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application include network synchronize tion,
tine and phase di [ Ferenca me\.amuxmmtnto,
phase-locked serve systems, remote time

Yime

transfer and comparison 23 ng,  Aand

distvibutioa zsyelems,

A look ak Lhe transtier for
o (1) and ,"l',‘)\’,!tl\, {1} foin different af 1
Proviceas 3l guod insight into their
vsefuineays, Wa can show bthat, for v o= nr_
and oo 20 (5 = 0, 1, 2,...3, the sob of

functions form a nearly
seh ay vieved from the [raguer
¢ oand 7 are the
functious for 1 = 0 o
Sompat i transfer functic
nestly squocs aod £lat within ashout

Aant Lrangier

vasult
orthogons)
domain.

Piunros

wore thanp two decades.  Ona of Uiﬂ

of wedd {73 iz that it changes the

Within the softwarc; hence t—?w

transier funclian is a 1ittle lesz {lat than
that fuor [ I % is alse more nearly

square ot che high frequency end.
freguency-domain

Lime~domain, ague
for ay(v) amd for

are ynown

The

relationships

mode (1) [1}. Since ALY =y owmede fry 3,
these Known relationships can be waed for
0,(1) as well.
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SOFTHARE  CONSIDERATIONS FOR modoy(T) AND
a (1)
A

The computation time For thege two
measures is essentially the same. They
differ anly by a factor. Howaver, hecause
of the double sum in equation (2), a direct
software implementation of this form of the
equation will take substantial CPU time for
large data sets. 10% data points may take
several hours to process on a maih-frame
machine, and the CPU time grows ag the
number of points squared. There are two
procedures that can reduce lLhe computation
time enormously.

The First procedure can be
conceptuallized by losking at Figure 8., This
Figure illustrates a case where n = 4, and
the windows show which time points (spaced
7, apart) are used to make up each window's
time ave . The averages frowm the bLhree
windows provide the entries for une second-
difference. An rms  of these second
differences is computed across all possible
sets for a particular n. Equation (2)
implies that we recompute the sums over the
¥;8 each time we move the second difference
ocne point  Forwared. flowever, instead of
repeating the sum, we can drop a point at
the pack end of each window in Figure &, add
the point dropped to the previous windn
(windows 1 and 2), and add a new point to
the third window to the right. This
properly implements the sum much more
efticiently. This procadures reduces the Py
time *ho s proportionsl o the nuwber of
points rathey than ro the number of polnts
squared as above.

oty o7
x{t "¢ #\}9",{
f

| [t

Fig. 8, & plot Illustrating a set of ¥ {i)
values measured 7 apart. The windows Llock
out & single set of these measurements as
they are combined to construct a single
second difference of the averadge value taien
from each window's set of %{t) readings.
For a given value of n, tlhe three windows
are moved from the beginning ol the data to
the end to obtain an estimate of  the
infinite-tine average of these syared second
Aiffery

The second procedure is probably useful
anly for very large data sets - on the order
of 10° cr more points. It takes advantage
of the confidence of the estimate obtainable
from such Tar sets. It is not necessary to
tak all possible averages wnd second-
difference combinaticns to get a very good
conftidences of the estimats from a large data
set. IFor example, the original data points
ld be averaged in nonoverlapping blocks
Or 128 (n = 128) to form a new data sot.
The number of data points in this now set

e

would be N/128, where W iz the
number in the sot. Piris psoe
course, be repeated as wauy tiw % noeeded
and for any value of n. Au avgued befor e,
the set n = 2f (i =, 1, S
log(N/3) /1og2) is a nearly orthogons!
viewved in the frequency domain. The o
can then be anaivzed in blnocy this fa
done the rms values can he ob AT
all blocks for the whoiae set Loty Wivh oagn
internal estimate of the confidence infarval
as calculated from the standard deviatios ol
the mean oif the varjances at a particulea.
value of n.  This internal estimule of the
confidence also provides a check on fhe
hetero-schedasticity of the mods irg; Lhat
is, are the measures and the mode!l well
behaved with time. The sacrifice in us g
this procedure is small for vhite-noise PM.
Fortunately, this is the jdeal noise wmet in
time or phase measureme syst ] This
second procedure also glives a slgniricant
reduction in computation time. For iairge
dala sets the penalty in loss of confidence
of the estimate ig typleally very smail.
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The current standards for
characterizing clocks, oscillators,
measurement systenms, and dissemination

systems are useful and adequate except in
two areas. These deficiencies are (1} the
characterization and model ing of
environmentaily induced perturbations, which
often cause long-term instabilities in
clocks and oscillators, and (2) the
characterization ot the time-domain behavior
of measurement, dissemination, and
comparison systems. A time-domain time
stability measure, o (1), has been studied,
tested and is proposed as a measure which
will help resolve these deficlencies.
Dealing with both these deficiencies is a
necessary step to improve time and frequency
metrology and to keep up with the new clocks
and oscillators anticipated in the future.

As we develop new international tine
transfer systems, such as the two-way
satellite time-transfer system, it will be
extremely helpful to have a common language,
as well as common and needed measures to
characterize performance. Additional tools
may also be needed as we move to higher
levels of accuracy and stability.
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