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Abstract: Methods of describing random instabilities of importance to frequency and time 
metrology are covered. Quantities covered include frequency, amplitude, and phase instabilities; 
spectral densities of frequency, amplitude, and phase fluctuations; and time-domain deviations of 
frequency fluctuations. In addition, recommendations are made for the reporting of 
measurements of frequency, amplitude, and phase instabilities, especially in regard to 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 
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Introduction 

This introduction is not part of IEEE Std 1139-2008, 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, 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 
[B14]).a In 1988, an updated IEEE standard on frequency stability was published as IEEE Std 1139-1988, 
IEEE Standard Definitions of Physical Quantities for Fundamental Frequency and Time Metrology. Later 
on a revision of this standard was published as IEEE Std 1139-1999, IEEE Standard Definitions of Physical 
Quantities for Fundamental Frequency and Time Metrology—Random Instabilities. 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 1139-1999, which had been prepared by a previous Standards 
Coordinating Committee 27, consisting of John R. Vig, Chair; Eva S. Ferre-Pikal, Vice Chair; James C. 
Camparo, Leonard S. Cutler, Lute Maleki, William J. Riley, Samuel R. Stein, Claudine Thomas, Fred L. 
Walls, and Joseph D. White. Some clauses of the 1999 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. 

Notice to users 

Laws and regulations 

Users of these documents should consult all applicable laws and regulations. Compliance with the 
provisions of this standard does not imply compliance to any applicable regulatory requirements. 
Implementers of the standard are responsible for observing or referring to the applicable regulatory 
requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in 
compliance with applicable laws, and these documents may not be construed as doing so.  

Copyrights 

This document is copyrighted by the IEEE. It is made available for a wide variety of both public and 
private uses. These include both use, by reference, in laws and regulations, and use in private self-
regulation, standardization, and the promotion of engineering practices and methods. By making this 
document available for use and adoption by public authorities and private users, the IEEE does not waive 
any rights in copyright to this document. 

                                                 
a The numbers in brackets correspond to those of the bibliography in Annex F. 

 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 10:17:17 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE 1139-2008

http://www.avadocuments.com/doc/ieee-1139-2008
http://www.avadocuments.com/doc/ieee-1139-2008


v 
Copyright © 2009 IEEE. All rights reserved. 

Updating of IEEE documents 

Users of IEEE standards should be aware that these documents may be superseded at any time by the 
issuance of new editions or may be amended from time to time through the issuance of amendments, 
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the 
document together with any amendments, corrigenda, or errata then in effect. In order to determine whether 
a given document is the current edition and whether it has been amended through the issuance of 
amendments, corrigenda, or errata, visit the IEEE Standards Association Web site at 
http://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously. 

For more information about the IEEE Standards Association or the IEEE standards development process, 
visit the IEEE-SA Web site at http://standards.ieee.org. 

Errata 

Errata, if any, for this and all other standards can be accessed at the following URL:  
http://standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL 
for errata periodically. 

Interpretations 

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/ 
index.html. 

Patents 

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 is not responsible for identifying 
Essential Patent Claims for which a license may be required, for conducting inquiries into the legal validity 
or scope of Patents Claims or determining whether any licensing terms or conditions provided in 
connection with submission of a Letter of Assurance, if any, or in any licensing agreements are reasonable 
or non-discriminatory. Users of this standard are expressly advised that determination of the validity of any 
patent rights, and the risk of infringement of such rights, is entirely their own responsibility. Further 
information may be obtained from the IEEE Standards Association. 
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IMPORTANT NOTICE: This standard is not intended to ensure safety, security, health, or 
environmental protection in all circumstances. Implementers of the standard are responsible for 
determining appropriate safety, security, environmental, and health practices or regulatory requirements. 

 
This IEEE document is made available for use subject to important notices and legal disclaimers. These 
notices and disclaimers appear in all publications containing this document and may be found under the 
heading “Important Notice” or “Important Notices and Disclaimers Concerning IEEE Documents.” 
They can also be obtained on request from IEEE or viewed at http://standards.ieee.org/IPR/ 
disclaimers.html. 

 
 
1. Overview 

 
 
1. Scope 

 
This standard covers the fundamental methods of metrology for describing random instabilities 
of importance to frequency and time metrology. Quantities covered include frequency, amplitude, 
and phase instabilities; spectral densities of frequency, amplitude, and phase fluctuations; and 
time-domain measures deviations of frequency fluctuations. In addition, recommendations are 
made for the reporting of measurements of frequency, amplitude, and phase instabilities, especially 
in regard to the recording of experimental parameters, experimental conditions, and calculation 
techniques. The annexes cover basic concepts and definitions, time prediction, and confidence 
limits when estimating variance deviations and spectral densities from a finite data set. The 
annexes also cover translation between the frequency domain and time domain instability 
measures, examples on how to calculate the time-domain measures of frequency fluctuations, and 
an extensive bibliography of the relevant literature. Systematic instabilities, such as environmental 
effects and aging, are discussed in IEEE Std 1193-1994 [B40]1.™-2003 [B54].1 

 
 
 

1 
The numbers in brackets correspond to those of the bibliography in Annex F. 
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2. Summary of Definitions   

 
For the purposes of this standard, the text following terms and definitions apply. The Authoritative 
Dictionary of IEEE Standards Terms [B51] should be referenced for terms not defined in this clause. the 
annexes are listed here in narrative form. definitions given in the main body of If ambiguities are created 
between the narrative definition given here and the mathematical equation given in the text, the equation 
has priority. 
 
2.1 amplitude spectrum Sa(f): One-sided spectral density of the normalized amplitude fluctuations, as 
defined in normalized amplitude fluctuations a(t). 
  
2.2 amplitude instability fractional amplitude deviation 
 
2.2 bias: The difference between the expected value of an estimator of a statistic and its correct value. 

 
1The numbers in brackets correspond to those of the bibliography in Annex E. 

 
2.3 confidence interval: limit: An interval of uncertainty associated with an estimate of a time- or 
frequency-domain an instability measure from a finite number of measurements. The endpoints of a 
confidence interval are called confidence limits. 

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

 
2.4 frequency spectrum Sy(f): One-sided spectral density of the fractional frequency 
deviationnormalized frequency fluctuations, as defined in normalized frequency fluctuations y(t). 
 
deviation y(t): Instantaneous, normalized, or fractional frequency departure from a nominal frequency. 

 
2.5 frequency instability: One-sided spectral density of the fractional frequency deviation. 
2.6 phase deviation Instantaneous phase departure from a nominal phase.
 
2.5 normalized amplitude fluctuations a(t): Instantaneous normalized amplitude departure from a nominal 
amplitude. 

 
2.6 normalized frequency fluctuations y(t): Instantaneous, normalized frequency departure from a 
nominal frequency. 

 
2.7 phase fluctuations (t): Instantaneous phase departure from a nominal phase. 

 
2.8 phase noise L(f): One-half of the phase spectrum S φ  (f), as , as defined in 1.7.defined in phase 
spectrum Sφ(f). 
 
2.9 phase spectrum Sφ(f): One-sided spectral density of the phase deviationfluctuations. 

 
2. 10 time fluctuations 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 
uniform time scale following a time period t after perfect synchronization. 

 
2.12 time spectrum Sx(f): One-sided spectral density of the time fluctuations. 

 
 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 10:17:17 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE 1139-2008

http://www.avadocuments.com/doc/ieee-1139-2008
http://www.avadocuments.com/doc/ieee-1139-2008


2.13 two-sample deviation y(): Also called the Allan deviation; the square root of the two sample 
variance, as defined in two-sample variance y

2(). 
 

 

2.14 two-sample variance y
2(): Also called the Allan variance; one-half the time average over the sum 

of the squares of the differences between successive readings of the averages of normalized frequency 
departure sampled over the samplingfluctuations over two adjacent time, under the assumption that there is 
intervals of length , with no dead time between the normalized frequency departure samples.two averaging 
intervals. 

 
 
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 one-sided 
spectral density of phase fluctuations: 

 

  

 

 

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 Annex B for further 
discussion). The standard measure for characterizing amplitude instability in the frequency domain is one 

half of the one-sided spectral density of the fractional normalized amplitude fluctuations,. 1/2 Sa (f ) When 

expressed in decibels the units of 1/2 Sa ( f ) 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 y(). A device shall be characterized by a plot of y() versus samplingaveraging time . In 
some cases, providing discrete values of y() versus sampling time  is sufficient. (See Annex A and 
Annex B for further discussion.) The measurement system bandwidth (fh) and the total measurement time 
shall be indicated. 

 
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 

 
In particular: 
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 
frequency 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 (for example, the dependence of frequency and/or 
phase on  temperature, magnetic field, barometric pressure, and vibration). 
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3.2 Relevant measurement or specification parameters should be given 

 
Relevant measurement or specification parameters include the following: 

 
a) The nominal signal frequency vo. 

b) The method of measurements. 

c) The measurement system bandwidth fh and the corresponding low-pass filter response.  

d) The total measurement (data sample) time 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 which exceed 10% of the total measurement time using ˆ y ,TOTAL ( ) 
to estimate  y ( ) is recommended (see Howe [B41], [B42] and Howe and Greenhall [B44]). 

 
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 y()]. 

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

 

i) The environment during measurement. 
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