
                 

A

Full document det
The Institute of Electrical and Electronics Engineers, Inc.
345 East 47th Street, New York, NY 10017-2394, USA

Copyright © 1999 by the Institute of Electrical and Electronics Engineers, Inc.
All rights reserved. Published 21 July 1999. Printed in the United States of America.

Print: ISBN 0-7381-1753-6 SH94760
PDF: ISBN 0-7381-1754-4 SS94760

No part of this publication may be reproduced in any form, in an electronic retrieval system or otherwise,
without the prior written permission of the publisher.

IEEE Std 1139-1999

IEEE Standard Definitions of 
Physical Quantities for Fundamental 
Frequency and Time Metrology—
Random Instabilities

Sponsor

IEEE Standards Coordinating Committee 27
on Time and Frequency

Approved 26 March 1999

IEEE-SA Standards Board

Abstract: Methods of describing random instabilities of importance to frequency and time
metrology is covered in this standard. Quantities covered include frequency, amplitude, and phase
instabilities; spectral densities of frequency, amplitude, and phase fluctuations; and time-domain
variances of frequency fluctuations. In addition, recommendations are made for the reporting of
measurements of frequency, amplitude and phase instabilities, especially as regards the recording
of experimental parameters, experimental conditions, and calculation techniques. 
Keywords: AM noise, amplitude instability, FM noise , frequency domain, frequency instability,
frequency metrology, frequency modulation, noise, phase instability, phase modulation, phase
noise, PM noise, time domain, time metrology
uthorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 10:15:58 UTC from IEEE Xplore.  Restrictions apply. 

ails: IEEE 1139-1999

http://www.avadocuments.com/doc/ieee-1139-1999
http://www.avadocuments.com/doc/ieee-1139-1999


 

IEEE Standards

 

 documents are developed within the IEEE Societies and the Standards Coordinating Com-
mittees of the IEEE Standards Association (IEEE-SA) Standards Board. Members of the committees serve
voluntarily and without compensation. They are not necessarily members of the Institute. The standards
developed within IEEE represent a consensus of the broad expertise on the subject within the Institute as
well as those activities outside of IEEE that have expressed an interest in participating in the development of
the standard.

Use of an IEEE Standard is wholly voluntary. The existence of an IEEE Standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE Standard. Furthermore, the viewpoint expressed at the time a standard is approved and
issued is subject to change brought about through developments in the state of the art and comments
received from users of the standard. Every IEEE Standard is subjected to review at least every five years for
revision or reaffirmation. When a document is more than five years old and has not been reaffirmed, it is rea-
sonable to conclude that its contents, although still of some value, do not wholly reflect the present state of
the art. Users are cautioned to check to determine that they have the latest edition of any IEEE Standard.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership
affiliation with IEEE. Suggestions for changes in documents should be in the form of a proposed change of
text, together with appropriate supporting comments.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they
relate to specific applications. When the need for interpretations is brought to the attention of IEEE, the
Institute will initiate action to prepare appropriate responses. Since IEEE Standards represent a consensus of
all concerned interests, it is important to ensure that any interpretation has also received the concurrence of a
balance of interests. For this reason, IEEE and the members of its societies and Standards Coordinating
Committees are not able to provide an instant response to interpretation requests except in those cases where
the matter has previously received formal consideration. 

Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
P.O. Box 1331
Piscataway, NJ 08855-1331
USA

Authorization to photocopy portions of any individual standard for internal or personal use is granted by the
Institute of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright
Clearance Center. To arrange for payment of licensing fee, please contact Copyright Clearance Center, Cus-
tomer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; (978) 750-8400. Permission to photocopy
portions of any individual standard for educational classroom use can also be obtained through the Copy-
right Clearance Center.

Note: Attention is called to the possibility that implementation of this standard may
require use of subject matter covered by patent rights. By publication of this standard,
no position is taken with respect to the existence or validity of any patent rights in
connection therewith. The IEEE shall not be responsible for identifying patents for
which a license may be required by an IEEE standard or for conducting inquiries into
the legal validity or scope of those patents that are brought to its attention.

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 10:15:58 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE 1139-1999

http://www.avadocuments.com/doc/ieee-1139-1999
http://www.avadocuments.com/doc/ieee-1139-1999


                     

A

Full document det
Introduction

(This introduction is not part of IEEE Std 1139-1999, IEEE Standard Definitions of Physical Quantities for Fundamental Frequency and
Time Metrology—Random Instabilities.)

Techniques to characterize and to measure the frequency, phase, and amplitude instabilities in frequency and
time devices and in received radio signals are of fundamental importance to all manufacturers and users of
frequency and time technology.

In 1964, the Standards Coordinating Committee 14 and, in 1966, the Technical Committee on Frequency and
Time were formed to prepare an IEEE standard on frequency stability.  In 1969, these committees completed
a document proposing definitions for measures of frequency and phase stabilities (Barnes [B12]a).    In 1988,
an updated IEEE standard on frequency stability was published by the IEEE as IEEE Std 1139-1988, Standard
Definitions of Physical Quantities for Fundamental Frequency and Time Metrology.  The recommended
measures of instabilities in frequency generators have gained acceptance among frequency and time users
throughout the world.

This standard is a revision of IEEE Std 1139-1988, which had been prepared by a previous Standards
Coordinating Committee 14 consisting of Helmut Hellwig, Chairman; David Allan; Peter Kartaschoff;
Jacques Vanier; John Vig; Gernot M. R. Winkler; and Nicholas F. Yannoni.  Some clauses of the 1988
standard remain unchanged. 

Most of the major manufacturers now specify instability characteristics of their standards in terms of the
recommended measures.  This standard thus defines and formalizes the general practice.

This revision was prepared by the Standards Coordinating Committee 27.  At the time this standard was
approved, the membership of the Standards Coordinating Committee 27 was as follows:

John R. Vig, Chair
Eva S. Ferre-Pikal, Vice Chair

The authors thank C. A. Greenhall, D. A. Howe, A. Lepek, M. A. Lombardi, and M. A. Weiss for helpful
discussions.

The following members of the balloting committee voted on this standard:

aThe numbers in brackets correspond to those of the bibliography in Annex E.

James C. Camparo
Leonard S. Cutler
Lute Maleki

William J. Riley
Samuel R. Stein

Claudine Thomas
Fred L. Walls
Joseph D. White

Arthur Ballato
Michael Driscoll
Raymond L. Filler
Marvin Frerking
R. Michael Garvey

Charles A. Greenhall
Jack Kusters
Alexander Lepek
Gary K. Montress
Bernard W. Neubig

Jerry Norton
Thomas E. Parker
Kanak K. Tuladhar
John R. Vig
Gary R. Winkler
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When the IEEE-SA Standards Board approved this standard on 26 June 1999, it had the following
membership:

Richard J. Holleman, Chair Donald N. Heirman, Vice Chair
Judith Gorman, Secretary

**Member Emeritus

Also included is the following nonvoting IEEE-SA Standards Board liaison:

Robert E. Hebner

Yvette Ho Sang
IEEE Standards Project Editor

Satish K. Aggarwal
Dennis Bodson
Mark D. Bowman
James T. Carlo
Gary R. Engmann
Harold E. Epstein
Jay Forster*
Ruben D. Garzon

James H. Gurney
Lowell G. Johnson
Robert J. Kennelly
E. G. “Al” Kiener
Joseph L. Koepfinger*
L. Bruce McClung
Daleep C. Mohla
Robert F. Munzner

Louis-François Pau
Ronald C. Petersen
Gerald H. Peterson
John B. Posey
Gary S. Robinson
Akio Tojo
Hans E. Weinrich
Donald W. Zipse
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IEEE Standard Definitions of 
Physical Quantities for Fundamental 
Frequency and Time Metrology— 
Random Instabilities

1. Overview

1.1 Scope

This standard covers methods of describing random instabilities of importance to frequency and time metrol-
ogy. Quantities covered include frequency, amplitude, and phase instabilities; spectral densities of fre-
quency, amplitude, and phase fluctuations; and time-domain measures of frequency fluctuations. In addition,
recommendations are made for the reporting of measurements of frequency, amplitude and phase instabili-
ties, especially as regards the recording of experimental parameters, experimental conditions, and calcula-
tion techniques. Basic concepts and definitions, time prediction, confidence limits when estimating the
variance from a finite data set, and confidence limits for frequency domain measures are covered in the
annexes. The annexes also cover translation between the frequency-domain and time-domain measures,
examples on how to calculate the time-domain measures of frequency fluctuations, and an extensive bibliog-
raphy of the relevant literature. Systematic instabilities, such as environmental effects and aging, are dis-
cussed in IEEE Std 1193-1994 [B40]1.

2. Summary of definitions

The standard definitions given in the main body of the text and the annexes are listed here in narrative form.
If ambiguities are created between the narrative definition given here and the mathematical equation given in
the text, the text has priority. 

2.1 amplitude deviation ε(t): Instantaneous amplitude departure from a nominal amplitude.

2.2 amplitude instability Sa(f): One-sided spectral density of the fractional amplitude deviation.

1The numbers in brackets correspond to those of the bibliography in Annex E.
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2.3 confidence limit: The uncertainty associated with the estimate of a time- or frequency-domain instabil-
ity measure from a finite number of measurements.

2.4 frequency deviation y(t): Instantaneous, normalized, or fractional frequency departure from a nominal
frequency.

2.5 frequency instability Sy(f): One-sided spectral density of the fractional frequency deviation.

2.6 phase deviation φ(t): Instantaneous phase departure from a nominal phase.

2.7 phase instability Sφ(f): One-sided spectral density of the phase deviation.

2.8 phase noise L(f): One-half of the phase instability Sφ(f), as defined in 1.7.

2.9 time deviation x(t): Instantaneous time departure from a nominal time.

2.10 time instability Sx(f): One-sided spectral density of the time deviation.

2.11 time interval error (TIE): The variation of the time difference between a real clock and an ideal uni-
form time scale following a time period t after perfect synchronization.

2.12 two-sample deviation σy(τ): Also called the Allan deviation; the square root of the two-sample vari-
ance, as defined in 2.13.

2.13 two-sample variance σy
2(τ): Also called the Allan variance; time average over the sum of the squares

of the differences between successive readings of the normalized frequency departure sampled over the sam-
pling time τ, under the assumption that there is no dead time between the normalized frequency departure
samples.

3. Standards for characterizing or reporting measurements of frequency, 
amplitude, and phase instabilities

The standard measure for characterizing frequency and phase instabilities in the frequency domain is the
phase noise, L(f) (pronounced “script-ell of f”), defined as one half of the double-sideband spectral density
of phase fluctuations,

L .

When expressed in decibels, the units of L(f) are dBc/Hz (dB below the carrier in a 1 Hz bandwidth). A
device shall be characterized by a plot of L(f) versus Fourier frequency f. In some applications, providing
L(f) versus discrete values of Fourier frequency is sufficient. (See Annexes A and B for further discussion).
The standard measure for characterizing amplitude instability in the frequency domain is one half of the
double-sideband spectral density of the fractional amplitude fluctuations, 1/2 . When expressed in
decibels the units of 1/2  are dBc/Hz (dB below the carrier in a 1 Hz bandwidth). See Annex A for a
detailed discussion on spectral densities.

In the time domain, the standard measure of frequency and phase instabilities is the fully overlapped Allan
deviation σy(τ). A device shall be characterized by a plot of σy(τ) versus sampling time τ. In some cases,
providing discrete values of σy(τ) versus sampling time τ is sufficient. (See Annex A and Annex B for further
discussion). The measurement system bandwidth (fh) and the total measurement time shall be indicated.

f( ) 1
2
---Sφ f( )≡

Sa f( )
Sa f( )
2 Copyright © 1999 IEEE. All rights reserved.
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In addition, the provisions in 3.1 and 3.2 are recommended when reporting measurements on frequency and
phase instabilities.

3.1 Nonrandom phenomena should be recognized

Examples of nonrandom phenomena include

a) Any observed time dependence of the statistical measures should be stated.
b) The method of modeling systematic behavior should be specified (e.g., an estimate of the linear fre-

quency drift was obtained from the coefficients of a linear least-squares regression to M frequency
measurements, each with a specified averaging or sample time t and measurement bandwidth fh).

c) The environmental sensitivities should be stated (e.g., the dependence of frequency and/or phase on
temperature, magnetic field, barometric pressure, and vibration).

3.2 Relevant measurement or specification parameters should be given

Relevant measurement or specification parameters include

a) The nominal signal frequency νo.
b) The method of measurements.
c) The measurement system bandwidth fh and the corresponding low-pass filter response.
d) The total measurement time (data sample) and the number of measurements N.
e) The characteristics of the reference signal (equal noise or much lower noise assumed).
f) For sample averaging times that exceed 10% of the total measurement time,  should be

used to estimate σy(τ) (see Howe [B35] and [B36] and Howe and Greenhall [B37]).
g) The calculation techniques [e.g., details of the window function when estimating power spectral

densities from time-domain data or the assumptions about effects of dead time when estimating the
two-sample deviation σy(t)].

h) The confidence of the estimate (or uncertainty) and its statistical probability (e.g., 1σ for 68%, 2σ
for 95%). See Annex D.

i) The environment during measurement.

σ̂y TOTAL, τ( )
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Annex A

(informative) 

Measures of frequency, amplitude, and phase instabilities

A.1 Introduction

The instantaneous output voltage of a precision oscillator can be expressed as

V(t) = (Vo + ε(t)) sin (2πνot + φ(t)), (A.1)

where 

Vo is the nominal peak voltage amplitude, 
ε(t) is the deviation from the nominal amplitude, 
νo is the nominal frequency, 
φ(t) is the phase deviation from the nominal phase 2πνot. 

Figure A.12 illustrates a signal with frequency, amplitude, and phase instabilities. As shown, frequency insta-
bility is the result of fluctuations in the period of oscillation. Fluctuations in the phase result in instability of
the zero crossing. Fluctuations in the peak value of the signal (Vpeak) result in amplitude instability.
  

Frequency instability of a precision oscillator is defined in terms of the instantaneous, normalized frequency
deviation, y(t), as follows

, (A.2)

2In the signal shown in Figure A.1, the frequency components of the noise are higher than the carrier frequency. The higher frequency
noise components are used for illustration purposes only. In general, this standard applies to the frequency components of amplitude,
phase, and frequncy instabilities that are lower in frequency than the carrier frequency.

Figure A.1—Instantaneous output voltage of an oscillator
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where ν(t) is the instantaneous frequency (time derivative of the phase divided by 2π), and

 . (A.3)

Amplitude instability is defined in terms of the instantaneous, normalized amplitude deviation

a(t) ≡ ε(t)/Vo . (A.4)

Phase instability, defined in terms of the instantaneous phase deviation φ(t), can also be expressed in units of
time, as

x(t) = φ(t)/2πνo . (A.5)

With this definition, the instantaneous, normalized frequency deviation is

y(t) = dx(t)/dt . (A.6)

Other random phenomena observed in certain oscillators are frequency jumps, that is, discontinuities in the
frequency of oscillation. These phenomena are not repetitive or well understood and thus cannot be charac-
terized by standard statistical methods.

A.2 Frequency domain

In the frequency domain, frequency, amplitude, and phase instabilities can be defined or measured by one-
sided spectral densities.

The measure of frequency instability is the spectral density of fractional frequency fluctuations, Sy(f), given
by

, (A.7)

where 

y(f) is the root mean squared (rms) fractional frequency deviation as a function of Fourier frequency, 
BW is the measurement system bandwidth in Hz.

The units of Sy(f) are 1/Hz.

The measure of amplitude instability is the spectral density of fractional amplitude fluctuations, Sa(f), given
by

. (A.8)

The units of Sa(f) are 1/Hz.

Phase instability can be characterized by the spectral density of phase fluctuations, Sφ(f), given by

φ̇ t( ) dφ t( )
dt

-------------=

Sy f( ) y2 f( ) 1
BW
---------⋅=

Sa f( ) ε f( )
V o

----------- 
  2 1

BW
---------=
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. (A.9)

The units of Sφ(f) are rad2/Hz.

These spectral densities, Sy(f), Sa(f), and Sφ(f), are one-sided since the Fourier frequency f ranges from 0 to ∞;
nevertheless, they include fluctuations from both the upper and the lower sidebands of the carrier.

Sφ(f) is the quantity that is generally measured in frequency metrology; however, L(f) has become the pre-
vailing measure of phase noise among manufacturers and users of frequency standards. According to the old
definition (see Kartaschoff [B42]), L(f) is the ratio of the power in one sideband due to phase modulation by
noise (for a 1 Hz bandwidth) to the total signal power (carrier plus sidebands); that is, 

L(f) = . (A.10)

Usually L(f) is expressed in decibels (dB) as 10 log (L(f)), and its units are dB below the carrier in a 1 Hz
bandwidth, generally abbreviated as dBc/Hz.

The old definition of L(f) is related to Sφ(f) by

L . (A.11)

This definition breaks down when the mean squared phase deviation, <φ2(t)> = the integral of Sφ(f) from f to
∞, exceeds about 0.1 rad2. To circumvent this difficulty, L(f) is redefined as

L . (A.12)

This redefinition is intended to avoid difficulties in the use of L(f) in situations where the small angle approx-
imation is not valid. L(f), as defined by Equation (A.12), should be designated as the standard measure of
phase instability in the frequency domain. The reasons are that 

— It can always be measured unambiguously, and 
— It conforms to the prevailing usage.

Phase instability has sometimes been expressed in units of time by Sx(f), the one-sided spectral density of the
phase fluctuations expressed in units of time (x(t)),

. (A.13)

From Equation (A.5), Sφ(f) and Sx(f) are related by

. (A.14)

Since phase and frequency are directly related, that is, angular frequency is the time derivative of the phase,
spectral densities of frequency and phase instabilities are also related:

Sφ f( ) φ2 f( ) 1
BW
---------=

power density in one phase noise modulation sideband, per Hz
total signal power

------------------------------------------------------------------------------------------------------------------------------------------------------

f( )
Sφ f( )

2
--------------≅

f( )
Sφ f( )

2
--------------≡

Sx f( ) x2 f( ) 1
BW
---------=

Sx f( ) 1

2πνo( )2
-------------------Sφ f( )=
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