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The Gold Is In the Long-term




Pioneering work of
Mandelbrot and Voss

Developed FRACTILES

Demonstrated mathematically and
nictorially that the world can be well
modeled by self-similar and flicker-noise
like processes

Time and frequency community had been
working, similarly, on long-term model

This has very important implications for
metrology (non-stationary statistics)




PUndamental Tme-Demain Presiam

« Classical variance or Standard deviation
does not converge for several important
noise processes in clocks, navigation, and
telecommunication systems.

» Classical variance cannot distinquish the
different important kinds of noise relevant
to clocks, oscillators, and to navigation
and telecommunication systems.




Standard Deviation
IS like
black and white




Characteristics of Useful Measures

Theoretically Sound
Easy to use and intuitive
Relates to real situations

Yields useful spectral information for design
engineers

Useful diagnostic tool
Optimum smoothing, estimation, and prediction

Communicates to the Manager (Decision
Makers)



HISTORICAL PERSPECTIVE

1964 |EEE & NASA Short-term Stability Symposium

1966 IEEE Proceedings, Feb. Special Issue: “Frequency Stability”
1971 |IEEE I&M, Characterization of Frequency Stability

1974 NBS Monograph 140

1981 Frequency Control Symposium: Modified “Allan Variance” with
Increased Oscillator Characterization Ability

1988 IEEE Standard 1139-1988: Standard Terminology for Fundamental
Frequency and Time Metrology

Late 1980s: development of TVAR (Time Variance for telecom.)

1990 NIST Technical Note 1337, Characterization of Clocks and
Oscillators

1997 ITU HANDBOOK: “Selection and Use of Precise Frequency and
Time Systems,” Radiocommunication Bureau

1997 Hewlett Packard Application Note 1289, The Science of
Timekeeping

2000-2010 Additional variance work at NIST provides efficiency & tighter
confidences — http://tf.nist.gov/general/publications.htm

Handbook of Frequency Stability Analysis, by W. J. Riley, NIST Special
Publication, SP 1065 (2007); also available at www.wriley.com



http://www.wriley.com/

Time - Domain Measures

@ Frequency Accuracy:
The degree of conformity with a standard or a definition.

@ Frequency Instability:
Change, typically averaged over an interval, T, with respect to
another frequency.

@ Time Accuracy:
The degree of conformity with UTC or some agreed upon time-scale.

@ Time Instability:
Change, in residual readings, typically averaged over an interval, 7,
with respect to nominal or other averaged interval(s).

YO x(® Ou(T) O«T) Mod.Cy(7) UTC




Definitions

« Synchronization — Two clocks are
synchronized if they read the same time
(accounting for propagation delays and
relativistic effects)

* Syntonization — Two clocks are syntonized
If they are running at the same rate in a
particular frame of reference (their times
can be very different)



Define: Normalized Freq. & Time Residual

_ V( ?)-V, Dimensionless
Y = Normalized Freq.
_ qo(t) -
x(t) = 7TV, Time Residual
Then  y(f) = dx(’) = (1)

And  Xx(1) = / y(t’) dt

-




FLIP OF A COIN IS A RANDOM UNCORRELATED PROCESS:
(white noise spectrum)

S,(f)oc f°

INTEGRATING THESE FLIPS GENERATES A RANDOM-WALK PROCESS:
(heads = one step forward)
(tails = one step backward)
AFTER “N” FLIPS OF A COIN, WILL BE (on average) YN AWAY FROM THE ORIGIN:

S, (f) f2

Since: y = dx/dt, or

X(t)= [ y()dt

Similarly, taking a first difference is like a derivative and
turns a random-walk process into a white-noise process.

AX _ Xig =X
yi —

T T




POWER-LAW SPECTRA:
S, (f)oc f S, (f)oc f7

alpha beta NAME
101 1o 0  White PM ‘ i

+1 -1 Flicker PM

4- 0 -2 White FM
or Random Walk PM

-1 -3 Flicker FM

-2 -4 Random Walk FM

-600 -400 -200 0 200 400 600



STATISTICAL THEOREM

« The optimum estimate of the mean of a process
with a white-noise spectrum is the simple mean.

« HENCE:

— For white PM, the optimum estimate of the phase or
the time Is the simple mean of the independent phase
or time readings.

- For White FM, the optimum estimate of the frequency
IS the simple mean of the independent frequency
readings, which is equivalent to the last time reading
minus the first time reading divided by the data
length, if there is no dead-time between the readings.
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GIVEN THE TIME RESIDUALS FROM A PRECISSION
CLOCK OR OSCILLATOR.
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TIME DIFFERENCE

x

“"Allan variance’ concept

difference in slope = A)’ = a —)”-

X, X3




White PM
Flicker PM
White FM

Flicker FM

Random
Walk FM

Flicker

Walk FM




SINCE
o lr) ~ o,

THEN
Gy(T) ~ TH2,

THE LOG OF THIS IS
LOG(ay(7)) ~ p/2 LOG(7);

THEREFORE, THE SLOPE ON
A LOG LOG PLOT OF
0 (r) VS. 71S p/2

WE CAN DEDUCE THE
SPECTRAL TYPE OF
NOISE KNOWING «
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QUARTZ OSCILLATOR (DIANA) VS COMMERCIAL CESIUM (#601)
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IEEE Standard 1139 (1988)

. Domain S 1 Densits

$.(£), S4(£), s§(f),  or

Relationships:

£2

Sy(f) = S¢(f)

V02

S3(£) = (2nE)% S4(£)

1
Sx(f) —y 3 S¢(t)

(2mv)?

Sy(£) = (2nf)? Sy (f).

Sx(f)



IEEE Standard 1139 (1988)

Time Domain Vari

AVAR:

1 :
oy? (1) = 5 <Ok - Y>>

1
= (g - 1 + XD

272
MVAR:
Wi o 2 () L # 2% 2
.CI’y (r) = > <(Xk+2. - ZXpy] t xk) >
27
TVAR:
2 i 2
o (1) = 3 mod.ay (1)



s animum for

WIH'T'Q FM

7

I
2(7‘-) :_6!_<(A2 ‘X)>
X = avg. of X ovevr 7

s op‘f'i mum for

white PM



Generic Phase-lock Loop

Phase
Master M Slave
Clock S Cleck
Systemn
feedback T
. - Fondamenwl PYoperties—
y - V\;—OV” X =Jy: dt:= 22\’0 y
=l Measures
0.(1) 0.(1) 0.(1)
mod o.(7) Su(f) mod o0.(7)
S:«(f) Sa(f) S.(f)
Se(f) S«(f)




Clock-time Keeping Ability
X,(7) =k 7 o,(7)

k =1 for white FM and randomwalk FM

k =1/+4/In2 =1.2 for flic ker FM

k =1/+/3 for white PM and flic ker PM



1Ime vispersion or various CIOCKS
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Translation Between
Frequency and Time Domains

—
AVAR:

in) = [ 2 [Z ) s, yar
MVAR:
Modol(r) = [ 2| P s )fm)]z Sy (Ndf
TVAR:

=gz [ [Sins(”f T)]z Sa(f)df

3n? sin(m f7o)



AVAR Transfer Function
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|H(f)|?

MVAR Transfer Function
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TVAR Transfer Function
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A = 1.038 + 3fn(2xf,7)
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0. _Noise Type

[-b-=¢ VAL

[-T-=0 YVAN

L

[-H-=0 JYVAV

FIOMIN
o)) TIL

SWASAS VONBUTIUSSSK]

Kosuanbazy/owny,

arnd

+2 White PM

O

N USBQIPAH 94OV |

DAAAANNNANNAN
U30IpAY dAIssed
wnipiqny
wmisay)

0 White FM
-2 Random Walk FM

+1 Flicker PM
-1 Flicker FM




EFFECTS OF SINGLE FREQUENCY
MODULATION ON o (7)

Sy(f) = 2.5 x 10°'° [1+10° &(f-60 Hz))
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Effect of fm on TDEV
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EFFECT OF FREQUENCY DRIFT ON oy(r)
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Time-keeping equation

1
x(t) =x, +y,t+ Eth + £(t)



Prof. Ashby and 3 watches

| chronométres appareil-a!{
(1/1000 s)







GPS (with SA) versus Cesium Ensemble
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Sxelting Mew T&F resuls
With Quartz-crystal Osclllators

« Using EQUATE technology

 Ensemble of Quartz-crystal
oscillators Adapting To the
Environment

« Up to 5 g’'s of acceleration
« -40 to +85 deg. C temperature
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Velocity (meters / second)

Time (seconds)

EQUATE velocity
measurements
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OVEN to test temperature independence of EQUATE timing package
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D HEWLETT"
/8 PACKARD

The Science of Timekeeping

Application Note 1289

* UTC: Official World Time

* GPS: A Time Distribution
Utility

* Time: An Historical and
Future Perspective

* From Laboratory to
Practical Use

* Broad Applications
Across Society



Time

I nvolves

I\/I easurements

Extraordinaire



