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Preface
This new version of the Handbook on Selection and Use of Precise Frequency and Time Systems has been developed by experts of ITU-R Working Party 7A, and invited experts, under the chairmanship of Dr Joseph Achkar (France) of ITU-R Radiocommunication Study Group 7 (Science Services). To carry out this work, a correspondence group was created, led by Felicitas Arias (France) and Andreas Bauch (Germany).
The Handbook consists of 10 Chapters which describe basic concepts, frequency and time sources and their use, measurement techniques, time and frequency dissemination and time scales, optical frequency standards, time as a service, and future prospects. The contents include detailed explanations and many references that can be consulted for additional details.
The technical content of this Handbook is intended for use by administrations of both developing and developed countries and by the Radiocommunication Bureau. The Handbook will also be useful to engineers in scientific and industrial organizations.

	Mario Maniewicz

	Director, Radiocommunication Bureau
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1.1	A short note on terms and vocabulary
This Handbook primarily addresses users in the Radiocommunication and the Telecommunication Standardization Sector of the International Telecommunication Union. They represent a very important and large user community. Sources for standard frequency, one pulse-per-second (1pps) ticks, and time-of-day information are in abundant use, but their performance and even their operations are often described in ITU documents with terms that are not in all cases unambiguous and concordant with metrological practice. The Glossary, published as Recommendation ITU-R TF.686, contains some of the terms, but some nevertheless remain obscure. Among those are the terms “synchronization”, or “synchronized”. 
Many applications require that frequency standards distributed in a system share a common rate (frequency). The signals may not carry any signature of “time” on them. Still the sources are often termed “synchronized”. Other applications require that 1pps signals of remote devices in a system tick simultaneously, but not necessarily in accordance with any internationally recognized time scale. This could be termed “internal synchronization”. On the other hand, Coordinated Universal Time UTC has been chosen by the global scientific community as a reference time scale, for example for comparisons of official time scales between national metrology laboratories (NMI) and to create national legal time scales. The use of UTC in the area of telecommunications is prescribed in the Radio Regulations (No. 1.14). “Global synchronization” could be the proper term to express that those clocks in a system tick “simultaneously” with reference to UTC and with a common time-of-day label attached. Clearly, uncertainty values need to be determined in all cases to make “simultaneous” a meaningful word. 
Referring to the Glossary, a “clock” is “a device for time measurement and/or time display”. Through its output signals of some periodicity (1pps or standard frequency) it may provide the ruler for measurements of time interval to be made by a suitable instrument. “Clocks” in common (engineering) parlance, however, may not even have an option to enter and keep time-of-day information and later to display it. Nevertheless, “atomic clock” will be found in a wide sense in ITU documents and throughout this Handbook. 
In the following, the distinction between “frequency standard” and “clock” shall be carried forward in the historical sketch which is divided in one part on frequency standards and another part on current dissemination services that fall under the realm of ITU. A first cursory description of available frequency standards follows, but scientific details and quantitative assessment follow in Chapter 3. The complementary Chapter 6 provides then details on the current dissemination services. Chapter 3 is preceded by a chapter dealing with (quantitative) characterization of frequency and time signals. It has been mostly inherited from the respective part of the existing Handbook as there have been no fundamental changes in measures and expressions of uncertainty and instability of signals.
[bookmark: _Toc223943471][bookmark: _Toc223944394][bookmark: _Toc223944483][bookmark: _Toc223944678][bookmark: _Toc223965779][bookmark: _Toc224029645][bookmark: _Toc224030134]1.2	Historical sketch
[bookmark: _Toc223943472][bookmark: _Toc223944395][bookmark: _Toc223944484][bookmark: _Toc223944679][bookmark: _Toc223965780][bookmark: _Toc224029646][bookmark: _Toc224030135]1.2.1	Frequency standards
The earliest frequency standards that took advantage of the development of electronic technology were based on an ensemble of precision inductors and variable capacitors that were connected in parallel to realize a resonant circuit. The National Bureau of Standards “wavemeter” [Cox, 1922] was constructed in this way. The quoted fractional accuracy was about 0.3%, and the resonant frequency could be adjusted from 3.5 kHz to 4.6 MHz.
Broadcast radio stations were assigned frequencies separated by 10 kHz. The transmission frequencies were of order 1 MHz and, by 1928, the stations were required to maintain the transmitted frequency within 500 Hz of the assigned value. The required fractional frequency accuracy was 0.05%, which could not be reliably realized with the L-C wavemeter design. The frequency references based on parallel L-C circuits were replaced by temperature-controlled quartz crystal oscillators starting in about 1927 [Cady, 1923]. The accuracy of these oscillators was several parts per million in uncertainty and improved to two parts in 1010 by 1931. 
Quartz crystal oscillators rely upon the discovery of piezoelectricity by P. Curie in 1880 (Nobel prize 1903) and upon the invention of the first electronic amplifier (the triode) by Lee de Forest in 1907. Although the oscillation frequency is primarily determined by a mechanical resonance in the quartz crystal, the characteristics of the electronic circuit also affect the frequency, and the earliest oscillators were based on a standard circuit. Neither the mechanical properties of the quartz nor the electrical properties of the circuit were easily reproducible, so that each device had to be individually calibrated.
Quartz crystal oscillators were widely used in communication systems and in frequency and time metrology laboratories starting in the 1920s. In the 1930s, in Germany, stationary quartz oscillators were perfected to the extent that they were instrumental to observe the seasonal variation of Earth rotation [Scheibe und Adelsberger, 1950]. This was possible by comparing free-running quartz oscillators to received time signals that were broadcast by terrestrial stations whose time marks were regulated based on astronomical observations. 
In the years following, quartz oscillators were widely used during World War II and, since that time, a large amount of effort has been devoted to improving the resonator design, to optimizing the behaviour of the associated electronic circuit and to understanding the physical origin of the short-term frequency instabilities, the sensitivity to external factors and the ageing processes [Besson, 1977; Filler and Vig, 1993; Gerber and Ballato, 1985; Vig, 1991; Walls et al., 1992; Walls and Gagnepain, 1992]. In the field of interest of this Handbook, high-quality quartz crystal oscillators are used as secondary frequency and time standards. Furthermore, they are present in most atomic frequency standards, where their frequency is controlled by the atomic resonance and where they are the physical source of the output signals.
The idea of using the resonance properties of an ensemble of isolated atoms (i.e. in a vapour) to realize a frequency standard and a clock is attributed to I. I. Rabi, proposed in 1939 (Nobel prize 1944). It builds on the fact that atoms are indiscernible particles which share identical properties wherever and whenever they are used as references. Here is the distinct difference to macroscopic references, such as the mechanical pendulum, oscillating circuits and even quartz resonators. Over the decades, research has strived to transfer the atomic properties in a more and more perfect manner without disturbance to a signal generator that provides the output of the frequency standard.
The first “atomic clock” (see notes above) was built at the National Bureau of Standards (NBS) during 1948‑49, using a microwave absorption line of ammonia at a frequency of approximately 23.9 GHz. The natural linewidth of the transition was broadened by collisions of ammonia molecules in the gas cell (pressure broadening), by the thermal motion of the molecules (Doppler broadening) and by other effects, and the effective line quality factor Q (resonance frequency divided by linewidth) was about 50 000. Given these limitations, realizing the stability implied by the natural linewidth of a suitable transition would be possible if the interaction between the atoms and the probing field could be realized in a beam geometry rather than in a cell, and if the Doppler broadening could be reduced by cooling the atoms or by some other method, such as saturated absorption [Barger and Hall, 1969].
The most important discoveries which determine the structure of present operational caesium, rubidium and hydrogen atomic frequency standards are: a) the two separated field method of inducing a magnetic resonance and the hydrogen maser by N. F. Ramsey in 1950 and 1960, respectively (Nobel prize 1989); b) the optical pumping by A. Kastler in 1950 (Nobel prize 1966); and c) the maser effect in the ammonia maser by C. H. Townes, N. G. Basov and A. M. Prokhorov in 1955 (Nobel prize 1964). The physical principles are extensively laid down in [Vanier and Audoin, 1989], and the latest developments have been summarized in a complementing issue [Vanier and Tomescu, 2016].
One of the main objectives in the further development of atomic clocks has always been to extend the time during which the atoms interact with the probing field and to reduce thus the linewidth. Thereby, at the same time, a reduced frequency instability and a reduced frequency uncertainty could be achieved. When laser cooling was discovered and understood in the middle of the 1980s (Nobel Prizes 1997) [Chu, 1998; Cohen-Tannoudji, 1998; Philips, 1998], its importance for clock development was recognized immediately. “Laser cooling” is the common name for manipulating atomic eigenstates and the atoms’ velocity at the same time. It produces “cold” atoms with a thermal residual velocity of about 1 cm/s which corresponds to a temperature in the µK regime, starting out from an ensemble of atoms at room temperature. 
The first caesium beam frequency standard was built at NBS in the early 1950s, and the first device of this kind began operation at the National Physics Laboratory (NPL, UK) in June 1955 [Essen and Parry, 1957]. The first commercial units were available around 1958. Soon afterwards, at the beginning of the 1960s, the production of rubidium frequency standards and of hydrogen masers also started.
The NPL caesium beam device was used between 1956 and 1958 to measure the unperturbed hyperfine transition frequency of the caesium 133 atom in the ground state in terms of the Ephemeris second defined as the time unit in these days. The result is included in the present definition of the unit of time as it was decided in 1967 by the Thirteenth Conférence générale des poids et mesures (CGPM): “The second is the duration of 9 192 631 770 periods of the radiation corresponding to the transition between the two hyperfine levels of the ground state of the caesium 133 atom”. Following the decision of the 26th CGPM, the text of the definition is now: “The second, symbol s, is the SI unit of time. It is defined by taking the fixed numerical value of the caesium frequency ∆νCs, the unperturbed ground-state hyperfine transition frequency of the caesium 133 atom, to be 9 192 631 770 when expressed in the unit Hz, which is equal to s−1” [BIPM, 2019]. This definition implies, as before, the exact relation ∆νCs = 9 192 631 770 Hz.
Laboratory caesium beam frequency standards have been constructed by several national metrology institutes and timing laboratories. Following the pioneering work of NPL, thermal beam devices provided the most accurate realization of the SI second until about 1996 [Vanier and Audoin, 2005]. At the time of writing in 2025, two devices of this generation are still in operation [Bauch, 2005]. The use of laser-cooling in this context was pioneered in France with the first so-called “caesium fountain” primary frequency standard, FO-1, being presented in 1995 [Clairon et al., 1995]. The “fountain” configuration is advantageous for several reasons. The atoms are moving much more slowly than in a conventional thermal-beam design, and the interaction time between the atoms and the microwave field is correspondingly longer. The configuration also reduces the impact of several systematic frequency offsets. The result is - today, after 30 years of great effort - a combined Type A and Type B uncertainty of about 2×10−16 [current results available from the BIPM website, www.bipm.org BIPM Time Department Data Base and from the monthly Circular T]. The U.S. Naval Observatory (USNO) developed continuously operating rubidium atomic fountain clocks that have contributed to EAL (Echelle Atomique Libre) for a number of years [Peil et al., 2016].
For many years, research has been pursued to develop atomic frequency standards based on an optical transition, either in ions stored in an electric trap, following W. Paul and H. G. Dehmelt (Nobel Prize 1989) [Wineland et al., 1990] or in neutral atoms trapped in standing light-fields. Laser-cooling is indispensable in both approaches. Two very promising optical frequency standards are based on neutral Sr in an optical lattice [Nicholson et al., 2015] and Yb+ in a trap [Huntemann et al., 2016]. An extensive summary of the status was provided in [Ludlow et al., 2015] and is dealt with in Chapter 9. Considerable efforts are ongoing to prepare a decision of a future CGPM by which an optical transition is going to replace the hyperfine transition in caesium as the basis for the definition of the second [Dimarcq et al., 2023]. 
[bookmark: _Toc223943473][bookmark: _Toc223944396][bookmark: _Toc223944485][bookmark: _Toc223944680][bookmark: _Toc223965781][bookmark: _Toc224029647][bookmark: _Toc224030136]The frequency stability and the reliability of manufactured atomic frequency standards using a resonance in the caesium, rubidium or hydrogen atom have also been considerably improved [Cutler, 2005]. Furthermore, in certain applications their volume has been reduced. The smallest device to date is the chip-scale atomic clock (CSAC) [Kitching et al., 2000; Kitching, 2018]. Although this type of device is neither as stable nor as accurate as more conventional beam-tube designs, it is the configuration of choice whenever minimizing size, weight and power consumption are important design requirements.
1.2.2	Radio time dissemination
Already at the beginning of the last century, radio waves were recognized as being a suitable means of time transmission. The first tests regarding wireless transmission of time were carried out in 1903 by the United States Naval Observatory in Washington and in 1904 by the Geodetic Institute Potsdam. Similarly, scientists at the National Bureau of Standards (NBS) as it was named then reported on research into radio frequency propagation in 1905. The call sign WWV was assigned in 1919 [Sullivan, 2001]. The most well-known transmission tower for radio time was the Paris Eiffel-tower for some years where transmission started in 1910. From 1910 to 1916, the coastal radio station Norddeich already transmitted – as the first German time service – regular time signals which were based on time determinations of the Imperial Marine Observatory Wilhelmshaven. Then, starting in 1917, the large transmitting station Nauen (close to Berlin) emitted a time signal twice a day on long wave (3 900 m,  77 kHz). After these beginnings of wireless time transmission, a worldwide network of time signal stations has been set up in the course of time in different wavelength ranges – mainly on myriametric wave, long wave (corresponds to low frequency) and short wave. Monitoring and coordination of the transmission was in the hands of the Bureau international de l’heure (BIH), founded in 1911. In the years following 1960, transmission of coded time-of-day information on long-wave emissions became available in the US, UK, Germany, Switzerland, Japan and recently in China. The characteristics of the transmissions are documented in Chapter 6 of this Handbook and are regularly updated in Recommendations ITU-R TF.583 and ITU-R TF.768.
In the past decades, the dissemination of time with terrestrial transmitters has been complemented and to some extent replaced by time transmission via satellites, subject of Handbook “Satellite time and frequency transfer and dissemination” [ITU, 2010] and Chapters 6 and 7. The evolution of Global Navigation Satellite Systems has also opened completely new possibilities for intercontinental precision time comparisons, position determination and global navigation. 
[bookmark: _Toc378478148][bookmark: _Toc223943474][bookmark: _Toc223944397][bookmark: _Toc223944486][bookmark: _Toc223944681][bookmark: _Toc223965782][bookmark: _Toc224029648][bookmark: _Toc224030137]1.3	Basic principles of frequency standards
In this section, a brief overview is given on the principle of the operation of the available frequency standards as well as the basic metrological concepts for their characterization, including stability and accuracy. A more detailed description of the devices including the characteristics of their performance is given in Chapter 3.
[bookmark: _Toc378478149][bookmark: _Toc223943475][bookmark: _Toc223944398][bookmark: _Toc223944487][bookmark: _Toc223944682][bookmark: _Toc223965783][bookmark: _Toc224029649][bookmark: _Toc224030138]1.3.1	Quartz crystal frequency standards
A quartz crystal frequency standard is an electronic oscillator in which the main frequency determining element is a resonator made of a quartz crystal. The inductance and capacitance of the electronic circuit that excites the vibration of the quartz crystal also affects the oscillator frequency. The resonance frequency of the crystal itself is mainly determined by the macroscopic properties of the bulk material. It is therefore also dependent on all environmental influences that modify these dimensions and properties and can in practice not be deduced from fundamental properties of individual atoms. Therefore, the frequency of quartz crystal oscillators needs to be calibrated with respect to that of a more accurate frequency source. This calibration often includes the complete circuit in addition to the crystal itself for the reason mentioned above. High-performance units are widely used in frequency and time metrology laboratories as secondary frequency standards. Furthermore, the output signal of most atomic frequency standards is derived from a voltage-controlled crystal oscillator (VCXO), its frequency being controlled by the atomic resonance. A very important industrial application has evolved since the deactivation of Selective Availability in the US Global Positioning System GPS in 2000, the GPS- (or GNSS-) Disciplined Oscillator. For better hold-over characteristics, GNSS-DOs are also produced with a CSAC or a Rubidium gas-cell frequency standard as local oscillator (see Chapter 3). 
[bookmark: _Toc223943476][bookmark: _Toc223944399][bookmark: _Toc223944488][bookmark: _Toc223944683][bookmark: _Toc223965784][bookmark: _Toc224029650][bookmark: _Toc224030139]1.3.2	Microelectromechanical Systems (MEMS)
[bookmark: _Toc378478150][bookmark: _Toc223943477][bookmark: _Toc223944400][bookmark: _Toc223944489][bookmark: _Toc223944684][bookmark: _Toc223965785][bookmark: _Toc224029651][bookmark: _Toc224030140]The frequency reference of an electronic oscillator can also be based on a MEMS device, which is a mechanical system about 0.1 mm in size and generally made from silicon. The device exhibits a mechanical resonance, which can be sensed as a variable capacitance at the resonant frequency. Oscillators based on MEMS devices show great promise, especially when size and power consumption are important criteria. See, for example [Barrow et al., 2013] and [Rocheleau et al., 2013]
1.3.3	Atomic frequency standards 
In contrast to quartz oscillators, the reference frequency in atomic frequency standards is mainly determined by the intrinsic properties of atoms of specifically selected elements, in other words, by fundamental constants which result from the basic interactions between elementary particles.
In our present state of knowledge in physics and astronomy, we postulate that the atomic properties are fixed and do not depend on space and time (within known relativistic effects). Therefore, it is possible to build and to distribute equipment which delivers the same frequency to a number of locations, provided that a given transition in a given element is observed, and that the relativistic effects (related to the local gravitational potential with respect to the geoid, for instance) are taken into account. An atomic reference frequency is then available locally in real time. It remains constant with time and equal to that of other atomic frequency standards situated at different places on the Earth and its close vicinity (within uncertainties discussed in Chapter 3). In the practical work, relying on commercial products, we are (at the time of writing in 2025) dealing almost entirely with three types of standards which make use of the properties of the elements hydrogen (the hydrogen maser), rubidium (the rubidium gas cell frequency standard) and caesium (the caesium beam frequency standard). Standards based on an optical transition are used in a few laboratories. These will be discussed subsequently where future developments are dealt with in Chapter 3 and in Chapter 9.
[bookmark: _Toc378478151]1.3.3.1	Spectroscopic properties of interest
Let us consider an atom of a given element. It has quantum levels of well-defined energy. Let E1 and E2 be the energy of two of them, with E2 > E1. A transition between these two levels may occur under the effect of an electromagnetic radiation of frequency 0. Energy conservation determines the value of 0. This leads to Bohr’s relation:
			(1-1)
where h is Planck’s constant. Therefore, a resonance may be observed. This resonance has a width , which is given by Heisenberg’s uncertainty relation:
			(1-2)
In general, the natural lifetime of the clock state is very long, so, t is determined by the duration of the interaction between the atomic species and the exciting fields. It may be limited by various physical phenomena or processes such as transit times and relaxation, and it ranges from approximately 1 ms in a rubidium cell and in a caesium thermal beam tube to 1 s in a hydrogen maser or an atomic fountain configuration. With the values of 0 involved (see Table 1) and the linewidth originating from these processes, the atomic line quality factor Q, Q = 0 / , typically ranges between 107 and 1010. The Rb hyperfine transition observed in a fountain configuration may nowadays serve as secondary representation of the second [Riehle et al., 2018], and the accurate value stated in Table 1 was agreed upon in 2017. This accuracy is not accessible in a conventional rubidium gas cell frequency standard (see Chapter 3). In Table 1, the 1- uncertainty of the transition frequency is given in brackets referring to the last significant digits.
TABLE 1
Hyperfine transition frequency ν0 of Hydrogen, Rubidium 87 and Caesium
	Atom
	Atomic mass
	Hyperfine transition frequency (Hz)

	H
	1
	1 420 405 751,770 (3)

	Rb
	87
	6 834 682 610.904 312 6 (41)

	Cs
	133
	9 192 631 770 (1)

	(1)	By definition of the second.



In currently common atomic frequency standards, the two levels of interest are determined by magnetic interaction inside the atom. It occurs between the magnetic moment of the unpaired electron of the alkali or alkali‑like atoms in the ground state of its electron configuration and the magnetic moment of the nucleus. It is called the hyperfine interaction. This interaction is weak, and it leads to a small value of E2 – E1. Consequently, the resonance frequency ν0 lies in the microwave frequency range, as shown in Table 1. As a practical consequence, the electronic system which controls the frequency of the associated quartz crystal oscillator can be made efficient, small and reliable.
[bookmark: _Toc378478152]1.3.3.2	Passive and active atomic frequency standards
The caesium beam and the rubidium cell frequency standards must be fed by a microwave probe signal in order to obtain the necessary information on the atomic resonance frequency. They behave as a resonator, and they are called passive frequency standards. As a resonator response we obtain a discriminating resonance signal Is which is superimposed to the total signal It. Is and It are measures of the number of particles contributing to the signal and the background, respectively. Small-size hydrogen masers with a compact cavity, but increased losses, so-called passive hydrogen masers (PHM), may be operated in a similar way. The electronic system that detects the resonance frequency and controls the frequency of a 5 or 10 MHz quartz crystal oscillator is shown schematically in Fig. 1. The probe microwave signal is synthesized from a VCXO and a frequency modulation is superimposed. This creates a modulation of the amplitude of the device response. It is processed by synchronous detection to extract the error signal which is applied to control the VCXO.
FIGURE 1
Block diagram representation of the frequency control of a quartz crystal oscillator in a passive frequency standard
[image: Block diagram representation of the frequency control of a quartz crystal oscillator in a passive frequency standard]
If a hydrogen maser has an appropriately sized cavity it will oscillate at the frequency of the clock transition if enough atoms in the upper clock state are injected into the cavity volume. In this case, it is called an active hydrogen maser (AHM). An electronic system implements the principles of heterodyne receivers and of phase-lock loops, as shown in Fig. 2. It phase-locks a quartz crystal oscillator at 5, 10 or 100 MHz to the maser oscillation. 
FIGURE 2
Block diagram representation of the phase control of a quartz crystal oscillator by the H-maser oscillation
[image: Block diagram representation of the phase control of a quartz crystal oscillator by the H-maser oscillation]
In both cases, passive and active, the output signals of the atomic frequency standards are derived from the controlled quartz crystal oscillator.
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In this section, the physical origin of the random frequency fluctuations or of the frequency drifts are briefly reviewed. Measures of stability are discussed in mathematical detail in Chapter 2. Theoretical values, based on the physics package of the oscillators, and typical numerical values are given in the respective sections of Chapter 3. 
1.4.1.1	Definition
The term “frequency stability” is usually used instead of “frequency instability”. It is the spontaneous and/or environmentally caused frequency change within a given time interval. Generally, one distinguishes between stochastic frequency fluctuations and systematic effects such as frequency drifts – systematic variations, supposedly linear – with time. Systematic instabilities may be caused by environmental effects. Frequency stability is dependent on the measurement system bandwidth and/or on the sample time or integration time. Random or stochastic instabilities are characterized either in the time domain or in the frequency domain or both.
The separation of the contributions to the measured variance into stochastic and systematic effects is somewhat arbitrary. A stochastic contribution, often called a contribution of “type A” is generally estimated by a statistical technique, whereas a systematic effect, often called a contribution of “type B” is evaluated by an ancillary non-statistical method such as a calibration or a theoretical treatment. 
For both types of contributions to the total uncertainty, the implicit assumption is that the data are stationary – that the estimation procedure does not depend on when it is performed. Unfortunately, this is often not the case, especially for estimates of the frequency drift, so that the elapsed time since the last estimate of the uncertainty budget is an important parameter. From a time-domain perspective, a stochastic contribution to the variance is one that changes rapidly with respect to the averaging time so that consecutive contributions are essentially uncorrelated, while the opposite is true for a systematic offset – it changes slowly with respect to the averaging time and so can be considered constant over relatively long intervals.
To further complicate the situation, the method that is used to evaluate a systematic effect may itself have some uncertainty, and this uncertainty will contribute to the overall uncertainty budget. This contribution is estimated by using the usual methods of propagation of errors.
[bookmark: _Toc378478162][bookmark: _Toc223944403][bookmark: _Toc223944492][bookmark: _Toc223944687][bookmark: _Toc223965788][bookmark: _Toc224029654][bookmark: _Toc224030143]1.4.2	Accuracy
[bookmark: _Toc378478163]1.4.2.1	Residual frequency offsets
Although one strives to design atomic frequency standards such that the ideal condition of atoms isolated and at rest is satisfied as much as possible, small frequency offsets cannot be avoided in current practice. The uncertainty on our knowledge of the magnitude of these frequency offsets determines the accuracy of atomic frequency standards. The physical origin of some of these frequency offsets is common to all types of frequency standards, e.g. the second order Doppler effect due to thermal motion of the atoms. Others are specific to a given type e.g. the buffer gas frequency offset and the light shift in a rubidium cell and will be dealt with in the relevant sections in Chapter 3.
[bookmark: _Toc378478164]1.4.2.2	Definition
In general, the accuracy is the degree of conformity of a measured or calculated value to its definition. In quantitative terms, it is expressed as the cumulative normalised uncertainty of the value realised relative to that given by the definition. Usually, this uncertainty has two different components. In the case of atomic frequency standards, one is related to random perturbations affecting the measurement of residual frequency offsets (e.g. that due to the measurement of the magnetic field applied). The other is a systematic component that is related to a lack of knowledge of some operating parameters (e.g. the inhomogeneity of the magnetic field). These two components must be combined with care. In general, the methods that are used to evaluate systematic contributions have uncertainties as well, which further complicates the overall uncertainty budget.
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[bookmark: _Toc224029655][bookmark: _Toc224030145]2.1	Introduction
This Chapter is an introduction to the methods used to characterise the random phase and frequency instabilities of oscillators in both the frequency domain and the time domain.
The characterisation of phase and frequency instabilities in precision oscillators is already covered in Recommendation ITU-R TF.538 and extensively in the literature. For example, references [Allan, 1987; Allan et al., 1988; IEEE, 1988; Lesage et al., 1979; Rutman, 1978 and Stein, 1985] are all review papers covering topics similar to those discussed in the present Chapter.
In addition, the IEEE standard IEEE 1139-2022 also recommends the statistical characterization of oscillators and frequency standards [IEEE 2022].
This Chapter is aligned with Recommendation ITU-R TF.538-4 (07/2017) – Measures for random instabilities in frequency and time (phase).
The originality of this particular presentation is the fact that the different topics are presented in a unified approach using electrical engineering concepts such as the analytic signal, random processes, linear operators, transfer functions or the sampling theorem instead of following the conventional approach inherited from the historical development of time and frequency characterisation concepts. 
A particular effort has been made in order to give to the reader the necessary insight into the theoretical aspects of the phase and frequency noise characterisation methods and at the same time to give the practical tips and algorithms necessary for their application. The next chapter covers similar topics to the above, but with more experimental guidance.
[bookmark: _Toc382196876][bookmark: _Toc223944405][bookmark: _Toc223944494][bookmark: _Toc223944689][bookmark: _Toc223965790][bookmark: _Toc224029656][bookmark: _Toc224030146]2.2	Model of the oscillator
[bookmark: _Toc223943481][bookmark: _Toc223944406][bookmark: _Toc223944495][bookmark: _Toc223944690][bookmark: _Toc223965791][bookmark: _Toc224029657][bookmark: _Toc224030147]2.2.1	The phasor model and the analytic signal
The signal of the sinusoidal oscillator is a narrow-band, band-pass signal, centred about the carrier frequency . It can be modelled by a phasor, i.e. by a vector rotating in the complex plane at the carrier frequency:
			(2-1)
A is the nominal amplitude, (t) is the complex envelope and exp (j20 t) the phasor. The real signal s(t) is the real part of the phasor signal (t):
				(2-2)

where s(t) is the Hilbert transform of , i.e. the projection of the phasor on the real axis.
It can be shown that the phasor representation of a bandpass signal is a particular case of an analytic signal [Bedrosian, 1962; Bernier et al., 1985].
The complex envelope (t) of the analytic signal is a low-pass complex random process that represents the information modulated on the carrier. In the case of a telecommunication band-pass signal the low-pass message signal is translated on purpose about a carrier frequency by modulation. In the case of an oscillator signal, on the other hand, the complex envelope is a random process characteristic of a certain type of oscillator: quartz oscillator, atomic frequency standard, etc. A review of random modulation can be found in [Papoulis, 1983].
The complex envelope can be separated either into an in-phase p(t) and a quadrature q(t) low-pass processes or into a unity carrier, an amplitude low-pass noise process (t) and a phase low-pass noise process (t):
[bookmark: _Toc382196878]			(2-3)
[bookmark: _Toc223943482][bookmark: _Toc223944407][bookmark: _Toc223944496][bookmark: _Toc223944691][bookmark: _Toc223965792][bookmark: _Toc224029658][bookmark: _Toc224030148]2.2.2	The low-noise oscillator
In the case of a precision or low-noise oscillator, the mean square value of the phase noise process is much smaller than unity, and the mean square of the amplitude noise process is much smaller than unity,
		
		
and where E{} is the statistical expectation operator and the phase noise exponential can be linearised:
		
yielding to lowest order:
			(2-4)
Under these conditions the in-phase component, p(t), can be identified as a unity carrier plus the amplitude noise while the quadrature component, q(t), is identified as the phase noise.
			(2-5)
The phase noise and the amplitude noise are orthogonal when the complex envelope is represented in the complex plane. This property enables the independent demodulation of the phase and amplitude noise processes by synchronous demodulation as explained below, but the property holds true only in the low-noise case.
[bookmark: _Toc382196879][bookmark: _Toc223943483][bookmark: _Toc223944408][bookmark: _Toc223944497][bookmark: _Toc223944692][bookmark: _Toc223965793][bookmark: _Toc224029659][bookmark: _Toc224030149]2.2.3	Spectrum of the low-noise oscillator
Note that the definitions relevant to the autocorrelation functions and to the power spectral densities are given in the appendix on random processes and follow the notations used in [Wozencraft et al., 1965]. In particular, Sφ ( f ) refers to the two-sided power spectral density of the random process φ(t),  refers to the one-sided power spectral density of the random process (t), while R() refers to the autocorrelation function of the random process φ(t). Note, moreover, that outside the present chapter of the handbook, the autocorrelation function of φ(t) is noted Rφ() and the corresponding spectral density Sφ( f ) The ITU and IEEE standard is to use the one-sided spectral densities. The autocorrelation function of the complex envelope associated with the low-noise oscillator signal as defined by equation (2-5) in [Bernier et al., 1985]:
			(2-6)
The power spectral density of the oscillator signal s(t) is the Fourier transform of the low-pass autocorrelation function in equation (2-6) translated about the carrier frequency, because of equations (2-1) and (2-2), yielding: 
			(2-7)
where ( f – 0) is a Dirac function representing the carrier and where  and  are the two-sided power spectral densities of the amplitude and phase noise processes.
The low-noise oscillator therefore appears on the spectrum analyser as a carrier at the nominal frequency 0 superposed to the amplitude and phase two-sided power spectral densities translated about the carrier frequency. In telecommunication terms this spectrum is that of a carrier AM modulated and simultaneously PM modulated with a low modulation index by the amplitude and phase random processes characteristics of the oscillator.
The equations in this section are true only if the signal spectrum is symmetrical about 0. If not, then equation (2-6) has a cross term, and equation (2-7) can be written as equation (2-8) {[Bernier 1985, Equation 14}. For || < 0;
		(2-8)
which says that the average sideband level = AM level + PM level. Note that S ( f )  L ( f ), see equation (2‑25).
[bookmark: _Toc382196880][bookmark: _Toc223943484][bookmark: _Toc223944409][bookmark: _Toc223944498][bookmark: _Toc223944693][bookmark: _Toc223965794][bookmark: _Toc224029660][bookmark: _Toc224030150]2.2.4	The high-noise oscillator
In the case of a high phase noise oscillator, the mean quadratic value of the phase noise process is large:
		
and the exponential term of the complex envelope cannot be linearised. In this case the phase noise process contributes to both the in-phase and quadrature components of the complex envelope yielding:
			(2-9)
In this case, the amplitude and phase noise processes are not orthogonal anymore in the complex plane. The lack of orthogonality complicates the problem of independent demodulation of the processes. 
[bookmark: _Toc382196881][bookmark: _Toc223943485][bookmark: _Toc223944410][bookmark: _Toc223944499][bookmark: _Toc223944694][bookmark: _Toc223965795][bookmark: _Toc224029661][bookmark: _Toc224030151]2.2.5	Spectrum of the high-noise oscillator
Assuming that the amplitude noise is negligible and that the phase noise is high, it can be shown [Bernier et al., 1985] that the autocorrelation function of the complex envelope can be separated into three terms corresponding respectively to the carrier and to the in-phase and quadrature components [Bernier et al., 1985]:
			(2-10)
where:
			(2-11)
The one-sided power spectral density of the band-pass signal s(t) is therefore [Bernier et al., 1985]:
			(2-12)
where Gp and Gq are the Fourier transforms of rp and rq.
[bookmark: _Toc382196882][bookmark: _Toc223943486][bookmark: _Toc223944411][bookmark: _Toc223944500][bookmark: _Toc223944695][bookmark: _Toc223965796][bookmark: _Toc224029662][bookmark: _Toc224030152]As the mean quadratic value Rφφ (0) = E{φ (t)} of the phase noise increases beyond unity, the carrier vanishes exponentially, i.e. the signal becomes incoherent, and the in-phase and quadrature spectral components both tend towards a Gaussian shape regardless of the original shape of the phase noise power spectral density. This is known in telecommunication theory as Woodward’s theorem [Bernier et al., 1985; Blachman et al., 1969; Papoulis, 1983]. In the case of a low-pass white phase noise process, the carrier disappears completely and the spectrum becomes Gaussian when the mean squared value of the phase noise exceeds about 8 rad 2 [Bernier et al., 1985]. The above is a simple stationary case. However, in any practical oscillator the phase noise is indeed non-stationary. The non-stationary case is treated in [Walls et al., 1975].
2.2.6	Effect of frequency multiplication
When a carrier frequency is multiplied by n in a frequency multiplier, the amplitude noise (t) can be kept very low by the use of limiters but the phase noise φ(t) is multiplied by n. The mean squared value of the phase noise process is therefore multiplied by n2 in the ideal case. In practice, the phase noise level may be higher than this fundamental lower limit and the amplitude noise level depends on the actual characteristics of the multiplier device. If the multiplication factor, n, is high enough, the mean squared value of the phase noise process will eventually reach and exceed unity. If this is the case the original low-noise oscillator signal becomes a high-noise oscillator signal, i.e. becomes more or less incoherent as described above. See Chapter 4 for more details.
[bookmark: _Toc382196883][bookmark: _Toc223943487][bookmark: _Toc223944412][bookmark: _Toc223944501][bookmark: _Toc223944696][bookmark: _Toc223965797][bookmark: _Toc224029663][bookmark: _Toc224030153]2.2.7	Demodulation of the noise processes
The application of both frequency and time domain characterization methods described in the next sections implies that the low-pass phase noise process φ(t) of the oscillator under test can be extracted by demodulation. Extraction of the phase noise is simpler in the case of a low phase noise oscillator.
For the characterization of oscillators in the time domain, the demodulation method is heterodyne down-conversion to a relatively low IF frequency followed by zero-crossing detection. The zero-crossings are then “time tagged” or the IF period is averaged and sampled using a digital period/frequency counter or a time-tag counter.
In the case of spectral domain characterization methods, the demodulation technique is synchronous detection. Synchronous detection of a band-pass signal with the local oscillator in-phase with the carrier yields the in-phase component of the complex envelope i.e. p(t). Conversely the synchronous detection of a band-pass signal with the local oscillator in quadrature with the carrier yields the quadrature component of the complex envelope i.e. q(t).
As shown above the amplitude noise and the phase noise processes are orthogonal in the complex plane, and thus can be easily separated by synchronous detection in the case of a phase noise process with a small mean squared value.
Moreover, at low Fourier frequencies the phase noise of any real oscillator is usually modelled by a non-stationary process of the “power-law” type, see sections about the polynomial model and about non-stationary processes below, whose mean value can be defined only locally. Therefore, the only way to maintain the local oscillator in quadrature with the carrier for the purpose of the synchronous detection of the phase noise is by means of phase locked loop techniques. The phase of the local oscillator must be corrected continuously in order to track the slow random phase drift of the oscillator under test with respect to the reference oscillator. 
[bookmark: _Toc382196884][bookmark: _Toc223943488][bookmark: _Toc223944413][bookmark: _Toc223944502][bookmark: _Toc223944697][bookmark: _Toc223965798][bookmark: _Toc224029664][bookmark: _Toc224030154]2.2.8	Standard definition of noise processes
[bookmark: _Toc382196885]2.2.8.1	Amplitude and phase noise processes
[bookmark: _Toc382196886]The basic noise processes that characterise the oscillator are the amplitude and phase noise processes (t) and φ(t) defined above in the phasor model of the oscillator. As mentioned above the amplitude and the phase noise processes in a low noise oscillator are orthogonal in the complex plane and they can be detected independently with a very good rejection of each other. Therefore, for the purpose of frequency stability analysis the amplitude noise can be neglected and it is the phase noise process that is relevant. Caution should be exercised here. AM to PM conversion can take place in some equipment. Even linear band-pass filtering produces AM to PM conversion if the transfer function is not perfectly symmetric with respect to the carrier frequency [Bernier et al., 1985]. For a more detailed discussion refer to Chapter 4.
2.2.8.2	Time error process
The time error process x(t) can be defined as the normalised phase difference accumulated between an oscillator used as a clock and a reference oscillator considered as the reference clock. It is related to the phase noise process by:
			(2-13)
where the nominal frequency 0 is expressed in [Hz] and the time error in [s].
[bookmark: _Toc382196887]2.2.8.3	Instantaneous frequency process
The normalised instantaneous frequency deviation y(t) is defined as the derivative of the time error process x(t):
			(2-14)
y(t) has no units. It is a frequency “deviation” in the sense that being associated with the complex envelope it describes not the instantaneous frequency of the oscillator signal s(t) but the frequency deviation with respect to the nominal carrier frequency 0.
The instantaneous frequency 0(t) in [Hz] is related to y(t) by the following equation:
			(2-15)
For the purpose of frequency stability analysis, it is the normalised frequency deviation y(t) that is the most relevant quantity. The normalised frequency deviation is conserved after frequency multiplication or division, and it also enables the direct comparison between the frequency instability levels of two oscillators of different nominal carrier frequencies.
[bookmark: _Toc382196888][bookmark: _Toc223943489][bookmark: _Toc223944414][bookmark: _Toc223944503][bookmark: _Toc223944698][bookmark: _Toc223965799][bookmark: _Toc224029665][bookmark: _Toc224030155]2.2.9	Multiplicative and additive noise
[bookmark: _Toc382196889]2.2.9.1	Multiplicative noise
When the oscillator signal is amplified, transmitted, multiplied or is subjected to any other kind of processing, it can be degraded by either or both multiplicative and additive noise.
Multiplicative noise is actually a random modulation process that can be represented in a form similar to the complex envelope of the oscillator signal itself. 
Assume that the signal of the oscillator is amplified and that the amplifier introduces random AM and PM modulations of the signal. The random modulation mechanism may be, for example, flicker noise in the polarisation currents of the transistors which modulates the gain and the phase-shift at the carrier frequency. The modulation function associated with the multiplicative noise process has the form:
			(2-16)
The complex envelope of the oscillator signal at the output of the amplifier is the complex envelope at the input multiplied by the modulation function. Assuming that the phase noise processes of both the original signal and of the amplifier are both low-noise processes,
		 and 
the complex envelope of the low-noise oscillator at the input is:
			(2-17)
and, neglecting quadratic terms, the complex envelope of the oscillator signal at the output is:
			(2-18)
The above result shows that in the low phase noise case, where the amplitude and phase noise processes are orthogonal, the multiplicative amplitude and phase noise processes simply add to the original amplitude and phase noise processes.
[bookmark: _Toc382196890]2.2.9.2	Additive noise
The case of additive noise can be treated as follows: assume a band-limited white noise process n(t) of single-sided power spectral density N0. According to Rice’s representation theorem [Papoulis, 1983; Wozencraft et al., 1965] any band-pass random process can be decomposed into an in-phase and quadrature components with respect to an arbitrary carrier frequency 0:
			(2-19)
Assuming that the band-pass process is a band limited white noise process of bandwidth 2B and single-sided spectral density N0 and assuming, moreover, that its power spectral density is symmetrical with respect to the arbitrary carrier frequency 0, it can be shown that np(t) and nq(t) are statistically independent low-pass white noise processes of single sided power spectral density N0 and of bandwidth B [Wozencraft et al., 1965].
Rice’s decomposition is in fact an analytic signal representation. Normalising with respect to the carrier peak amplitude A of the oscillator signal one obtains:
			(2-20)
Comparing term to term with the analytic signal (equation (2-4)) of the low-noise oscillator, the contributions to amplitude and phase noise produced by additive noise are found to be two identical low-pass white noise processes of bandwidth B.
			(2-21)
The one-sided power spectral density of both processes is equal to the inverse of the signal to noise ratio in a one Hertz bandwidth. Here the noise power in a 1 Hz bandwidth is defined as the power spectral density N0 of the additive noise n(t) and the signal power is defined as the power of the sinusoidal carrier of peak amplitude A.
[bookmark: _Toc382196891][bookmark: _Toc223943490][bookmark: _Toc223944415][bookmark: _Toc223944504][bookmark: _Toc223944699][bookmark: _Toc223965800][bookmark: _Toc224029666][bookmark: _Toc224030156]2.2.10	Polynomial model
The conventional way of modelling the noise of oscillators is by the use of the polynomial model of .
			(2-22)
The phase/time process x(t) being the integral of the frequency process y(t) there is a direct correspondence between the power spectral densities of x(t) and of y(t):
			(2-23)
Table 2 summarises the different types of noise processes encountered in the polynomial model of oscillators. The model is convenient for classifying the different types of noise processes and for the translation of one type of frequency stability measurement into another.
Note that, in general, for a power law process z(t) of power spectral density , the process is non-stationary when   −1 in the sense that the mean squared value of the process is given by:
			(2-24)
which is undefined when the integral diverges at the origin. Note that here is used the generic process z(t) and the exponent  in order to state general properties that apply equally well to the time/phase process x(t) and to the frequency process y(t) with their respective exponents  and .
The integral in equation (2-24) does not converge at high Fourier frequencies for   −1 because pure power-law processes are not band limited. This problem is only an artefact of the model, though, since the actual phase and frequency noise processes of oscillators are always band limited.
TABLE 2
Classification of power-law processes in the polynomial model
	
	Exponent  of 
	Exponent  of 

	White noise PM
	2
	0

	Flicker noise PM
	1
	−1

	White noise FM
	0
	−2

	Flicker noise FM
	−1
	−3

	Random walk FM
	−2
	−4



While f −1 is often called “flicker noise”, a single integration of a white noise process yields an f −2 power law process, which is called a “random walk” or a one-dimensional Brownian motion process. 
In [Greenhall, 1983] it is shown that the power-law random processes found in oscillators can be characterised by power-spectral densities even when they are non-stationary (  –1).
[bookmark: _Toc382196892][bookmark: _Toc223943491][bookmark: _Toc223944416][bookmark: _Toc223944505][bookmark: _Toc223944700][bookmark: _Toc223965801][bookmark: _Toc224029667][bookmark: _Toc224030157]2.3	Characterisation: definitions and methods
[bookmark: _Toc382196893][bookmark: _Toc223943492][bookmark: _Toc223944417][bookmark: _Toc223944506][bookmark: _Toc223944701][bookmark: _Toc223965802][bookmark: _Toc224029668][bookmark: _Toc224030158]2.3.1	Spectral domain
[bookmark: _Toc382196894]2.3.1.1	Basic definitions
In the spectral domain four measures are typically used to describe the oscillator: the power spectral density of y(t), the power spectral density of x(t), the power spectral density of φt and L ( f ) a spectral measurement related to the concept of spectral purity.
The basic spectra are summarised in Table 3. The question whether the quantity of interest is y(t), x(t) or φ(t) depends upon the particular application. Most often, however, spectral measurements are used to characterise the spectral purity of the oscillator; therefore, it is the spectral density of φ(t) that is usually given.
TABLE 3
Basic measurements in the spectral domain
	Measurement
	Symbol

	PSD of y(t)
	

	PSD of x(t)
	

	PSD of φ(t)
	

	Script L( f )
	



The spectral purity measure L ( f ) is defined as:
			(2-25)
The relationship between the two measurements is justified below.
[bookmark: _Toc382196895]2.3.1.2	Spectral purity concepts
The spectral purity of an oscillator refers to the noise found on each side of the carrier when the signal of an oscillator is measured directly on a spectrum analyser.

Recalling that the power spectral density of the signal s(t) of a low phase noise oscillator is given by equation (2-7), assume that the power spectral density of the oscillator signal is measured, normalised by the carrier average power  and translated from 0 to the origin into a low-pass spectrum.
			(2-26)
This is to satisfy the definition of the spectral purity measure L ( f ) if the amplitude noise (t) can be made negligible with respect to the phase noise φ(t). Then the spectral purity measure becomes identical to a measure of phase noise for all Fourier frequencies except the origin. This is often not true for frequency synthesisers and other devices where the oscillator signal has passed through a number of stages of amplification.

Note, however, that commercial spectrum analysers do not have the necessary resolution nor the dynamic range for the characterisation of the phase noise by a direct measurement of the band-pass signal s(t). Moreover, the amplitude noise is often not negligible. In other words, the actual measurement of L ( f ) is not feasible in practice. Therefore, although commercial oscillators are almost always specified by L ( f ) the actual measurement involves the demodulation of φ(t) by phase locked loop techniques and the evaluation of its power spectral density using a digital low-pass spectrum analyser. The measurement of  is then divided by a factor of two and labelled L ( f ).
[bookmark: _Toc382196896][bookmark: _Toc223943493][bookmark: _Toc223944418][bookmark: _Toc223944507][bookmark: _Toc223944702][bookmark: _Toc223965803][bookmark: _Toc224029669][bookmark: _Toc224030159]2.3.2	Time domain
[bookmark: _Toc382196897]2.3.2.1	Introduction
Time-domain, in contrast to frequency-domain, deals with the effects of averaging over different values of time, . For useful time-domain measures, Fourier transform relationships exist between the Fourier frequency, f, and the time domain parameter, . Observing the dependence of a variance as  is varied is often very insightful as to the oscillator characteristics.
Time-domain characterisation conventionally uses statistics computed from a discrete time series of average frequency samples obtained from a digital counter which is used to measure the beat note between the oscillator under test and a reference oscillator. The same discrete time series can, of course, be used in an FFT, for example, to compute the frequency domain-spectrum.
The approach of this presentation, on the other hand, consists of defining time domain variances in terms of the mean squared value of the continuous stationary random process obtained by the application of a linear operator, specific to the time domain variance of interest, to the instantaneous frequency process y(t). Since y(t) averaged over  is (x(t) – x(t – ))/, these variances can also be expressed in terms of x(t).
This approach enables the establishment of the different variances in a simpler and more intuitive way than heretofore. The fact that, in practice, the variances are estimated over a finite number of samples taken from the underlying continuous process only affects the uncertainty of the estimation. The problem of the uncertainty on the practical estimation of the variances can be treated separately from the definition of the variance themselves and is already extensively investigated in the literature.
[bookmark: _Toc382196898]2.3.2.2	Basic concepts
[bookmark: _Toc382196899]2.3.2.2.1	Model of the frequency counter
Assume that an Oscillator Under Test (OUT) is to be characterised in the time domain. The conventional method is to heterodyne the original bandpass signal down to an arbitrary low beat frequency 0 by mixing the OUT signal with the signal of a reference oscillator much more stable than the OUT. The low frequency beat signal reproduces faithfully the original frequency fluctuations of the OUT, which is typically measured with a digital frequency counter.
The usual digital counter measures the frequency beat signal by counting the zero crossings of the signal. Zero crossing typically means the time-point where the signal voltage transverses positively through zero volts. For every sampling period, T, the counter delivers a sample k which is the instantaneous frequency b(t) [Hz] averaged over the gate opening time, .
In most frequency counters the sampling period, T, is larger than the averaging time, . There is therefore a dead-time, T –  during which the counter computes the average frequency, resets the internal counters/registers, and waits for the next zero crossing of the signal. The next count can start only at the next zero crossing of the signal therefore in a frequency counter the dead-time is at least one period of the signal.
The dead time can be important as will be explained below because it biases the statistics when the samples are used for time domain measurements.
If the nominal average frequency b is subtracted from the samples k and if they are normalised with respect to the OUT mean frequency 0, one obtains the normalised samples yk.
			(2-27)
The discrete random process, or time series, y0, y1, y2, … yk coming from the frequency counter is therefore equal to the continuous random process y(t, ), i.e. the moving average of y(t) over  as defined in next section, sampled with a period, T.
The time domain characterisation methods of the frequency stability are usually defined in terms of statistics performed over the discrete process y0, y1, y2, … yk coming from the frequency counter. It will be shown, however, that they are more easily understood when they are also defined in terms of the underlying continuous random processes.
[bookmark: _Toc382196900]2.3.2.2.2	Moving average operator
As mentioned above time domain variances are traditionally defined in terms of statistics performed on the discrete time series y0, y1, y2, … yk coming from the frequency counter. The samples obtained from the counter are a periodic sampling of the instantaneous frequency averaged over the gate opening interval, .
The frequency samples from the counter may be considered as discrete samples of the moving average of y(t):
		
where T is the sampling interval and where:
			(2-28)
defines the causal moving average operator. Note that is meant by “causal” the fact that the operator applied at time t is defined only in terms of the present and past values of the process. The impulse response of the moving average operator ma(){} is a positive pulse function of duration and of amplitude 1/. The squared modulus of its transfer function is:
			(2-29)
The moving average operator describes the averaging process taking place inside the frequency counter and will be used below for the analysis of the time domain variances.
[bookmark: _Toc382196901]2.3.2.2.3	Increment operator
The increment operator (){} is defined as follows:
			(2-30)
It can be applied recursively. When it is applied once the result is called the “first difference”. When it is applied twice:
			(2-31)
the result is called the “second difference”, and so on.
The squared modulus of the transfer function associated with the increment operator (){} is
			(2-32)
Note that the transfer function of the increment operator is equivalent to a first-derivative operation at low Fourier frequencies close to the origin:
			(2-33)
As a consequence, the first difference (){z(t)} of a power-law process z(t), of a power spectral density , yields a process of power spectral density  that behaves like a power-law process of exponent θ+2 in the region of low Fourier frequencies close to the origin. 
Therefore, for instance, the increment operator will transform a non-stationary flicker power-law process with exponent   −1 into a stationary process with   +1 behaviour in the region of low Fourier frequencies.
The resulting process is no longer a “power-law” process because the increment operator is not equivalent to the first-derivative operator for all Fourier frequencies but nevertheless it is stationary.
The capability of the increment operator, applied once or several times, to transform a non-stationary power-law process into a stationary process by its high-pass filtering action is fundamental in the definition of time domain frequency stability measurements.
[bookmark: _Toc382196902]2.3.2.3	Basic time domain measurements
[bookmark: _Toc382196903]2.3.2.3.1	The true variance
At first sight the logical way to characterise frequency stability of the OUT would be to evaluate the true variance of the frequency samples:
			(2-34)
The time series yk is a sampling of the continuous moving average process y(t, ); therefore, the mean squared value of the time series is equal to the mean squared value of the y(t, ). Using equations (2-28), (2-29) and (2-76) one obtains immediately:
			(2-35)
which relates the true variance to the power spectral density of y(t). 
Unfortunately, the integral in equation (2-35) is infinite for non-stationary power-law noise processes, i.e. for   –1.
In other words, the time series yk coming from the counter is non-stationary since the underlying continuous process y(t,) is non-stationary. The mean squared value of y(t, ), which defines the true variance, diverges, i.e. becomes infinite when it is averaged over an infinite time because of the non-stationarity of the models representing the oscillators being characterised.
It is this observation, made in the early days of atomic frequency standards, that led to the definition of other, more appropriate, measures of frequency stability in the time domain.
[bookmark: _Toc382196904]2.3.2.3.2	The Allan variance
The traditional or classical Allan variance is defined as the average two-sample variance of the frequency samples yk measured without a dead-time, i.e. with T = .
			(2-36)
Observing that the action of taking the difference of two adjacent samples measured without a dead-time is equivalent to a first-difference operation applied over  it follows that the Allan variance can be defined as the mean squared value of the continuous process (){y(t, )}.
			(2-37)
In terms of linear operators, the original process y(t) is filtered by a moving average operator, modelling the action of the counter, followed by a first difference operator. Using equations (2-24), (2-29), (2-32) and (2-76) one obtains immediately:
			(2-38)
The above integral is defined and finite for all the power-law processes of Table 3. The process (){y(t, )}, whose mean squared value defines the classical Allan variance, is indeed stationary although the original unfiltered process y(t) was non-stationary. This comes from the high-pass filtering action of the first-difference operator.
If the counter producing the samples yk has a dead time, then the moving average operation is taken over the gate opening interval  and the first difference operation is taken over the sampling interval T. Therefore, the same definition in equation (2-36) applied to the frequency samples yk now yields a different result since by applying again (2-24), (2-29), (2-32) and (2-76) as before, is obtained:
			(2-39)
instead of equation (2-38).
The presence of a dead-time in the sampling of the average frequency introduces a bias in the statistics and does no longer yield the true Allan variance when the definition in equation (2-36) is applied to the samples. The bias can be small in some cases. In the case of white noise FM, it is zero. In general, it needs to be considered if it is intrinsic to a measurement system and cannot be avoided. See § 2.3.2.4.2.
[bookmark: _Toc382196905]2.3.2.3.3	The modified Allan variance
The modified Allan variance was originally defined in terms of the samples xk of the phase/time process x(t) [Allan et al., 1981]:
			(2-40)
In order to make easier a comparison with the classical Allan variance, the definition in equation (2-40) can be rewritten in terms of frequency samples:
			(2-41)
where the yk are frequency samples measured without a dead time and averaged over the sampling interval 0.
This new formulation given in equation (2-41) can be interpreted as follows. The inner summations group the elementary samples n by n into super samples averaged over n0 = . The outer summation, on the other hand, is a discrete moving average (dma) operation, performed over the averaging interval n0 = , and applied to the first difference of the super samples.
Therefore, the modified Allan variance can be defined very simply in terms of the underlying continuous processes as follows:
			(2-42)
where the discrete moving average operator applied over the averaging interval n0 =  is defined as:
			(2-43)
The squared modulus of the transfer function associated with the discrete moving average operator is:
			(2-44)
where the averaging interval  is n times the elementary sampling interval 0.
This last result shows that the modified Allan variance is identical to the classical Allan variance except for a supplementary discrete moving average operation.
Using the transfer functions in equations (2-24), (2-29), (2-32) and (2-76) is obtained immediately:
			(2-45)
This is the expression generally found in the literature. The advantage of the modified over the classical Allan variance is the fact that it produces distinct slopes as a function of  for each of the power law noise processes defined in the polynomial model. The disadvantage, on the other hand, is the fact that the modified Allan variance depends not only on the averaging time  but also on the number n of elementary samples used to build the interval  and, indirectly, also on the sampling interval 0.
This is simply due to the fact that, like in any digital processing operation, aliasing occurs when the sampling rate does not satisfy the condition of the sampling theorem, in other words when the sampling rate is smaller than the Nyquist frequency which is defined as twice the bandwidth of the signal. 
Assuming, on the other hand, that the sampling rate 1/0 is higher than twice the bandwidth B of the process y(t), then the sampling theorem is satisfied and the discrete moving average operator yields approximately the same result as the continuous moving average operator.
It can be verified that when n   for constant , which is equivalent to allowing the sampling rate 1/0 to tend to , the discrete transfer function in equation (2-44) tends to the continuous transfer function in equation (2-35).
Therefore, by applying the condition of the sampling theorem, i.e. for 1/0 > 2B, where B is the bandwidth of y(t), an analogue of the modified Allan variance can be established using the continuous moving average operator in equation (2-28) instead of the discrete moving average operator in equation (2-43), yielding:
			(2-46)
instead of equation (2-42). Similarly, the modified Allan variance can be established in the spectral domain using the transfer function of the continuous moving average operator in equation (2-29) instead of the transfer function of the discrete moving average operator in equation (2-44), yielding:
			(2-47)
instead of equation (2-45).
The “continuous” modified Allan variance, noted cmod, is the limit of the modified Allan variance measured without truncation, (see section on truncation below), and in compliance with the sampling theorem.
The results about the cmod Allan variance summarised in Tables 6 to 8 were computed analytically from equation (2-47) and establish that the cmod variance has distinct slopes for different power-law processes and, at the same time, is independent of n, of 0 and of the system bandwidth B as shown and verified in [Bernier, 1987].
The cmod variance therefore corrects the two drawbacks of the classical Allan variance: the fact that the slope of the classical variance is the same for both white PM and flicker PM and the dependence on the system bandwidth.
Moreover, the results summarised in Tables 6 to 8 also show that even if the condition of the sampling theorem is not satisfied, the conventional modified Allan variances have the same properties as the cmod Allan variance for all noise processes except white PM on the condition that n >> 1. In the case of white PM the dependence of the modified Allan variance on the system bandwidth is the same as that of the classical Allan variance.
After this important conclusion, let us define yet another formulation of the modified Allan variance, which does not bring new insight, but that is very convenient for the efficient practical estimation of the modified Allan variance.
Define w(t) as the integral of x(t):
			(2-48)
Now, by the use of equation (2-48), the moving average of x(t) can be expressed as:
			(2-49)
By applying equation (2-48) a second time and by taking the first difference one obtains the continuous modified (cmod) Allan variance, i.e. the modified Allan variance in which the supplementary moving average operator is a continuous operator, yielding:
			(2-50)
This is the continuous case. In the discrete case, on the other hand, when the samples come out from the counter with a sampling interval 0, if one defines wk as the discrete sum of all the past x samples,
			(2-51)
then the discrete moving average required for the computation of the discrete modified Allan variance is given by:
			(2-52)
As a consequence, the discrete modified Allan variance can be defined in terms of the third difference of w(t):
			(2-53)
This last result can be used for the efficient estimation of the modified Allan variance as shown in the section about algorithms below. 
[bookmark: _Toc382196906]2.3.2.3.4	The time interval error
The time interval error (TIE) is a notion used in the predication of time scales and also in telecommunications for the synchronisation of digital networks [Kartaschoff, 1987]. It constitutes a good example of a direct application of the Allan variance.
Assume that at time t two oscillators are both synchronised (time difference set to zero) and syntonised (frequency offset set to zero). The time interval error TIE(t, ) is the time error x(t) accumulated between the two oscillators, considered as clocks, at a time t +  in the future.
There are different possible ways of defining the TIE depending upon which estimator of the initial frequency offset is chosen. And, as a consequence, the statistical properties of the process TIE(t, ) also depend upon which estimator is chosen. 
Suppose the frequency offset is estimated by averaging the instantaneous frequency y(t) during the interval  preceding the instant t. The frequency estimator at time t is therefore  and the TIE becomes:
			(2-54)
The first term of equation (2-54) is the free running non-stationary time error random process x(t) at the time t +  in the future. The second term is the initial time difference x(t). Subtracting it is equivalent to synchronising the oscillators at time t. The third term is the time difference accumulated after an interval  because of the initial frequency offset y(t, ). Subtracting it is equivalent to syntonising the oscillators at time t.
It can be shown that the TIE defined by equation (2-54) is identical to the second difference of x(t):
			(2-55)
which is stationary for all the power-law processes found in the polynomial model. Therefore, although the exact behaviour of the TIE cannot be predicted, since it is a random process, its mean squared value can be computed.
The mean squared value of the TIE is equal to the mean square value of the second difference of x(t) which can be expressed as a simple function of the classical Allan variance:
			(2-56)
The mean squared value of the second difference of x(t) is in fact the second structure function of x(t). Structure functions are discussed in the section below about other time domain variances. 
Equation (2-26) does not imply that optimum prediction procedures were used – only a particular procedure. If a clock has white FM noise and optimum prediction is used, then the TIE is given by y(). In this case the optimum frequency estimate is the mean frequency from the infinite past.
[bookmark: _Toc382196907]A generalisation of the TIE is reported in [Bernier, 1988] in which a predictor of order n of x(t) is defined for which the mean squared value of the error on the prediction is given by the structure function of order n + 1. For example, if the TIE corrects only the effect of the initial frequency offset as in equation (2-55) the predictor is of order 1 and the error on the prediction is the structure function of order 2 given by equation (2-56). If the predictor corrects not only for the initial frequency offset but also for the initial frequency drift, then the predictor is of order 2 and the error on the prediction is the structure function of order 3 and so on. Prediction modelisation of time-scales is an important topic and is treated extensively in the literature [Tavella et al., 1991; Allan, 1987].
2.3.2.3.5	The time variance
The time variance  [Allan et al., 1991] is defined as:
			(2-57)
where  is the average time error over an interval  ending at t.
The time variance  is now used, among others, in the telecommunications industry for specifying network performance. It is a kind of TIE mean squared value estimator similar to the one defined in previous section. More detailed properties of the time variance can be found in [NIST, 1990].
2.3.2.3.6 	The dynamic Allan variance
The dynamic Allan variance (DAVAR) [Galleani et al., 2009] is a measure of the variation of the random frequency instability in the time domain, defined as:
		 	(2-58)
where  denotes the expected value obtained as an ensemble average over an infinite number of experimental realizations, and Tw is the length of the analysis window. The square-root of dynamic Allan variance is dynamic Allan deviation (DADEV).
An estimate of the DAVAR can be obtained by:
			(2-59)
where , , , and  is assumed to be even.
Experimental evidence shows that the instability of clocks and oscillators, whose standard measure is the Allan variance, can change with time due to several factors, such as temperature, humidity, vibrations, gravitational effects, and radiations. The dynamic Allan variance (DAVAR) measures such variations with time of the clock instability.
Figure 3 shows the average frequency deviation  of a white frequency noise whose variance increases suddenly. The DAVAR, whose square root  is shown in the mesh plot, reveals the change of variance in the noise, whereas the Allan variance, whose square root  is shown in the side plot, averages out the change of variance.
The DAVAR was also introduced in the IEEE Standard for Definitions of Physical Quantities for Fundamental Frequency and Time Metrology – Random Instabilities [IEEE 2022].
Figure 3
DAVAR of a change of variance (mesh plot)
[image: DAVAR of a change of variance (mesh plot)]
2.3.2.3.7 	A long-term estimator TheoBR
A long-term estimator for the Allan variance (AVAR) is the Theory variance #1 [Howe et al., 2003], known as Theo1, and with bias removed, known as TheoBR variance [Howe et al., 2006], which is Theo1 with a slight bias removed relative to sample AVAR. Theo1 averages every permissible squared second-difference of time errors xi in a given data run Nx and reports frequency stability 50% longer than the longest possible τ of AVAR. Thus, Theo1 and TheoBR represent a new species of descriptive statistics with substantially higher equivalent degrees of freedom than the overlapping version of sample AVAR.
Theo1 definition
	(2-60)
	
Theo1 deviation, known as Theo1-dev, is unbiased relative to the Allan deviation for White-FM noise. Theo1-dev is biased slightly for other noise types. This bias can be automatically removed using an algorithm that computes the average bias between Theo1 and Allan variance in an overlapping τ region of the two and uses it to correct Theo1. Thus, it follows that:
		 	(2-61)
where *AVAR and *Theo1 are computed for a range of  where sample AVAR and Theo1 overlap and are chosen so as to represent the bias at large τ for AVAR rather than at small τ. The bias correction is a constant, not dependent on τ.
TheoBR definition
	 	(2-62)
where 
The TheoBR was also introduced in the IEEE Standard for Definitions of Physical Quantities for Fundamental Frequency and Time Metrology – Random Instabilities [IEEE 2022].
TheoH definition
Hybrid Theory variance, known as TheoH variance [Howe, 2006], is a hybrid statistic (hence, the “H”) that combines values of the overlapping version of AVAR in the short-term and TheoBR variance to estimate the long-term frequency stability out to ¾ of the data run length Nx, which as mentioned is 50% longer than the data length usable by AVAR.
		(2-63)
where  is , and  has sufficient confidence.
The usual upper τ-limit of AVAR is 20% of the data run time T. Since TheoBR is more computationally intense than AVAR, only large values of m are included in the above definition, not all values of m. Usually it is not necessary to calculate all values of m; octave or decade spans of m are sufficient to characterize random noise. To delineate AVAR from TheoBR values, an intentional small gap for  is inserted but can be filled if one wants to compute more or all m values.
The square-root of TheoH variance is TheoH deviation, also known as TheoH-dev.
[bookmark: _Toc382196908]2.3.2.3.8	Other time domain measurements
Other time domain measurements are described in the literature: structure functions [Lindsey et al., 1976; Greenhall, 1983], the Hadamard variance [Rutman, 1978], the High-Pass variance [Rutman, 1978] and others.
As shown above for the Allan variance, the principle of time domain variances is always the same: the variance is defined as the mean squared value of a stationary process produced by the action of a linear operator applied to the original non-stationary low-pass frequency process y(t) or phase process x(t).
In particular, the structure function of order n of the process z(t) is defined as the mean squared value of the increment of order n of the process [Lindsey et al., 1976]:
			(2-64)
For example, assume a random walk FM noise process. The power spectral density of the frequency y(t) is a power-law of the Fourier frequency f with exponent −2 and the power spectral density of the time function x(t) is a power law with exponent −4. As shown by equation (2-33), each application of the increment operator increases the exponent by +2 at Fourier frequencies close to zero. Therefore, the first increment of y(t) is stationary and the second increment of x(t) is also stationary. The structure functions  and  are therefore independent of t and constitute time domain variances i.e. mean squared values depending on the time difference parameter  like the classical Allan variance. In fact, the Allan variance is directly related to the second structure function of x(t):
			(2-65)
which explains the result in equation (2-56).
[bookmark: _Toc382196909]2.3.2.3.9	The multi-variance analysis
The multi-variance analysis should be considered as an estimator of the PSD of y(t) rather than a classical variance measurement. Since the PSD of y(t) may be modelled as a sum of power laws (from f –2 to f +2 frequency noise), the goal of this method is to measure each noise level. The principle consists in using several variances over the same signal. These different variances must be chosen in order to get an accurate measurement for low frequency noises (Allan variance, Picinbono variance) as well as for high frequency noises (modified Allan variance, Time variance). Moreover, the drifts may also be measured by this method.
The relevant parameters (noise levels and drift coefficients) are determined by a weighted least square method: knowing the response of each variance for each type of noise (see Tables 9 and 10), and weighting each variance measurement by the inverse of its confidence interval, the noise levels and drift coefficients are calculated as the most probable parameters in the sense of the least squares.
This method is more sensitive than a single variance measurement since the accuracy of the measurement is at least as good as the most accurate variance of the set of variances. The choice of the variance thus determines the sensitivity of the multi-variance analysis: the best set of variance would be a set containing variances specially designed for each relevant parameter. But this choice may be adapted to each case [Vernotte et al., 1995].
[bookmark: _Toc382196910]The main advantage of the multi-variance analysis is the determination of the uncertainty domain over each parameter measurement. The confidence intervals are estimated from the dispersion of the variance results by using a singular value decomposition. Moreover, since the assessment of the precision leads to associate an eigen vector to each noise level or drift coefficient, it is possible to calculate the angle between each eigen vector. A small angle between two eigen vectors implies that the parameters corresponding to these vectors yield similar effects over the variance responses. In this connection, the separability may be defined as the aptitude of a variance or a set of variances to distinguish between two noises. Thus, the determination of the angles between the eigen vectors corresponding to the parameters yields a quantitative estimation of the separability of the multi-variance analysis and provides a criterion to estimate the measurement reliability. Only the types of noises and drifts that do exist in the signal are then measured. For a full description and measurement results of the multi-variance analysis see [Vernotte et al., 1993] and [Walter, 1992].
2.3.2.4	Pitfalls
[bookmark: _Toc382196911]2.3.2.4.1	Effect of zero-crossing detection
Time domain measurements are estimated using either phase or frequency samples coming from a digital counter. The counter detects the zero-crossings of the signal which is usually a beat note between the OUT and a reference oscillator.
For the measurement of precision oscillators, it is usually necessary to use a dedicated zero-crossing detector between the signal and the input of the counter.
The reason is that if the slew rate of the signal at the input of the counter is not high enough, the noise in the trigger circuitry of the counter will contribute to the measured Allan variance. Note that, paradoxically, the higher the time resolution of a counter is, the higher the bandwidth of the trigger circuitry and the higher the RMS amplitude of the additive noise is in the trigger stage of the counter.
The design of the dedicated zero-crossing detector must be adapted to the characteristics of the signal to be measured (e.g. amplitude bandwidth, beat note frequency). If the transitions at the output of the zero-crossing detector are sharp enough, then the noise of the trigger circuitry in the counter becomes negligible.
However, it is then the noise contribution of the zero-crossing detector itself that determines the noise floor of the measuring system. The noise due to zero-crossing detection is an additive wideband noise. Therefore, it appears as band-limited white phase noise in the Allan variance measurement, and it is characterised by a –1 behaviour of the Allan deviation y(t).
[bookmark: _Toc382196912]2.3.2.4.2	Effect of dead-time
As mentioned above, the Allan variance can be defined by equation (2-36) in terms of frequency samples only if there is no dead-time in the sequence of measurements. 
The bias in the Allan variance measurements introduced by the dead-time was studied extensively and Tables can be found in the literature [Barnes et al., 1989; Lesage et al., 1979; NIST, 1990]. As mentioned above in the section on the Allan variance, however, the availability of modern time-tagging counters that can sample x(t) and the recent possibility of transforming a conventional time interval counter into a time-tagging counter by post-processing software and an auxiliary “picket fence” reference signal [Greenhall, 1989] make it easy to avoid a dead-time in the measurements. 
Besides, grouping neighbouring frequency samples averaged over an interval  is equivalent to acquire one sample averaged over an interval n0 only if there is no dead-time in the sequence of measurements. The bias introduced by the grouping of samples in the presence of dead-time is analysed in [Lesage, 1983]. However, the same remark as before applies: recent techniques make it easy to avoid a dead-time.
[bookmark: _Toc382196913]2.3.2.4.3	Effect of system bandwidth
The Allan variance transfer function in integral equation (2-38) goes to zero as f –2 for f  . Therefore, for a pure power-law frequency process y(t) with exponent   1 the integral does not converge at high Fourier frequencies. Note that this happens only if the process y(t) is a pure power-law process, i.e. if its bandwidth is infinite.
In a real oscillator the bandwidth of the process y(t) is finite because the signal is band-limited and the actual upper bound of integral equation (2-38) is the bandwidth B of y(t). Therefore, the integral is always bounded on the high frequency side.
For  < 1 the f –2 high-frequency cut-off behaviour of the transfer function is sufficient by itself to limit the bandwidth and to make the integral converge. The Allan variance is therefore independent of the bandwidth of the frequency process y(t).
For   1, on the other hand, the f –2 high-frequency cut-off behaviour of the kernel is not sufficient by itself to limit the bandwidth and to make the integral converge. Therefore, the Allan variance is a function of the integral upper boundary, i.e. of the bandwidth B of y(t).
The real-life power-law processes found in oscillators are always low-pass filtered and are well modelled by power-law behaviour only at low Fourier frequencies. For   1, therefore, the Allan variance is a function not only of the bandwidth B but also of the specific shape of the low-pass filter used to limit the bandwidth. This has been taken into account in tables published in the literature [NIST, 1990].
Note, moreover, that the bandwidth B, as it appears in the Allan variance measurement, is usually limited by the low-pass bandwidth of the measuring system used after demodulation rather than by the bandwidth of the original band-pass oscillator signal.
The fact that the Allan variance of a white phase noise process is not only a function of the power spectral density of the white phase noise but also a function of the measuring system bandwidth constitutes a weakness of the classical Allan variance.
On the other hand, the transfer function of the continuous modified Allan variance, as defined by equation (2-47), has a f –4 high-frequency cut-off behaviour because there are two cascaded moving average operators in its definition. In this case, then, the transfer function is sufficient to limit the bandwidth for all power-law processes in the polynomial model. The modified Allan variance is therefore independent of the bandwidth for all power law processes in the polynomial model if the condition of the sampling theorem is satisfied. 
If the condition of the sampling theorem is not satisfied however, aliasing effects make the modified Allan variance dependent on the bandwidth in the case of white phase noise. For the other power-law processes, including flicker of phase, the high-frequency cut-off behaviour of the transfer function defined by equation (2-45) is sufficient for convergence.
[bookmark: _Toc382196914]2.3.2.4.4	Truncation effects
The main lobe of both the classical and of the modified Allan variance transfer functions is centred about the Fourier frequency:

Therefore, if one attempts to compute the classical or modified Allan variance for averaging times too small i.e. for:

it happens that the band-pass transfer function of the variance is centred on a Fourier frequency higher than the low-pass bandwidth of the signal y(t).
Therefore, the resulting Allan variance goes rapidly to zero as  is further decreased. In this region of truncation, the variance depends strongly on the shape of the low-pass filter used to limit the bandwidth of the signal and the value of the variance will be biased low.
Note also that, in the case of the modified Allan variance, if the signal is sampled in compliance with the sampling theorem is obtained:

Therefore, truncation occurs for small values of n and disappears only for n >> 1 since = n0 [Bernier, 1987].
[bookmark: _Toc382196915]2.3.2.5	Algorithms
[bookmark: _Toc382196916]2.3.2.5.1	Frequency averaging by phase sampling
Both the classical and the modified Allan variances can be defined either in terms of frequency samples or in terms of phase samples.
Because y(t) is simply the derivative of x(t) it is very easy to transform any definition that uses one quantity into an equivalent definition in terms of the other quantity. 
The two following identities are very useful for the calculation of the time domain variances:
			(2-66)
			(2-67)
Assuming that the phase/time function x(t) is sampled with a sample period , the time series
		
enables one to compute the series of frequency samples averaged over  using the first difference of the x samples:
		
where:
			(2-68)
The second difference of x(t) yields the first difference of the frequency necessary for the computation of the Allan variance.
		
where:
			(2-69)
Regarding the hardware, averaging directly the frequency in a digital counter inevitably produces a dead-time since, after a sample is delivered, the counter must wait at least one period of the signal waiting for the next zero-crossing before the next count is started.
On the other hand, if it is the time error function x(t) that is sampled the above results show that the frequency samples averaged over  without a dead-time can be computed easily, and the value of  can be selected in the software only constrained by , where n is an integer.
In practice the time error function x(t) can be sampled by time-tagging the zero-crossings of the signal using a “time-tagging” counter. If a time-tagging counter is not available, though, [Greenhall, 1989] has published an algorithm, called the “picket fence” algorithm, for computing directly samples of x(t) using a conventional time interval counter.
[bookmark: _Toc382196917]2.3.2.5.2	Computation of classical Allan variance
The classical Allan variance can be estimated from N successive samples of x(t), with sampling interval 0, using the following equation:
		     where     	(2-70)
This is an “overlapping” estimate over N samples of equation (2-36) computed using the transformation equation (2-68). The formula is causal and therefore usable in real-time calculations. Assume that xk is the last sample acquired, defining the present, then equation (2-70) involves only past samples in the calculation.
The uncertainty on the true mean square value due to the calculation of the estimation from a finite number of samples was determined in [Lesage et al., 1973] and [Lesage et al., 1976]. Lesage and Audoin results are summarised in [Allan et al., 1988] and [IEEE, 1988].
Note, however, that the reason why the variance is computed from discrete samples is an artefact coming from the use of a digital counter to collect the data. In general, the Allan variance can be defined as the mean square value of the continuous process  (){y(t, )} and it could be also estimated by taking the mean square value of the continuous process observed during a finite observation interval. The uncertainty on the estimation of the Allan variance from the mean squared value of  (){y(t, )} taken over a finite time interval is treated in [Greenhall, 1983]. The effect of sampling the continuous process  (){y(t, )} for the estimation of the Allan variance is treated in [Walter, 1994]. It yields a better confidence for the estimate.
The estimator in equation (2-70) also has the property that for each value of  only five registers are required in the computer in order to update the Allan variance in a continuous way (see Table 4).
Table 4
Registers allocation for the classical Allan variance computation
	Register 1
	xi

	Register 2
	xi + n

	Register 3
	xi + 2n

	Register 4
	Sum of variances

	Register 5
	Number of variances



Assume that the sampling period of x(t) is 0. For each value of  = n 0 for which one wants to compute the Allan variance, there are five registers to reserve.
From the stream of x(t) samples coming every 0 from the counter one picks up one every n samples. The spacing between samples is therefore  = n 0. From the three values spaced n 0 apart, the squared second-difference is computed. Registers 4 and 5 are updated. The contents of register 1 are replaced with the next xi spaced 0 later, etc. for 2 and 3, and registers 4 and 5 are updated again.
Note, finally, that in practice it is always the standard deviation, i.e. the square root of the variance, that is specified and not the variance itself. The practical consequence is that on a log-log plot the slopes associated with the standard deviation are half the slopes associated with the variance.
[bookmark: _Toc382196918]2.3.2.5.3	Computation of modified Allan variance
At first sight the computational load associated with the modified Allan variance is much larger, especially for large values of n, because of the summation over n in the definition in equation (2-40). In fact, however, the computational load is essentially the same as for the classical variance except for one more register to reserve.
From the modified Allan variance formulation in equation (2-53) an N samples overlapping estimate of the modified Allan variance can be defined:
		(2-71)
where the averaging time  is n times the elementary sampling interval .
This last result demonstrates that for each value of  only six registers are required in the computer in order to update the modified Allan variance in a continuous way (see Table 5).
One common register is required to store wk i.e. the sum of all the previous xk coming out from the counter as defined by equation (2-51).
Table 5
Registers allocation for the modified Allan variance computation
	Register 1
	wi

	Register 2
	wi + n

	Register 3
	wi + 2n

	Register 4
	wi + 3n

	Register 5
	Sum of variances

	Register 6
	Number of variances



From the stream of wk samples updated every 0 in the common register, one picks up one every n samples. As before the spacing between samples is  = n 0. The same procedure is followed as in computing equation (2‑70) only the third-difference squared is used instead [Greenhall, 1992].
In conclusion, it can be seen that by defining the time series wi, which is simply the sum of all the previous xk, the computation effort to get the modified Allan variance is essentially the same as for the classical Allan variance. Software is available from NIST for computing these variances.
[bookmark: _Toc378482610][bookmark: _Toc382196919]2.3.2.5.4	Summary
For computational purposes, Tables 6 and 7 give symmetrical formulae for the estimation of the classical and modified Allan variances on the basis of either frequency or phase elementary samples. The spectral formulae are also given on the basis of either the phase noise or frequency noise power spectral densities.
Table 6
Symmetrical formulae for classical Allan variance
	


	


	


	




Table 7
Symmetrical formulae for modified Allan variance
	


	


	


	




The relationship  used in the transformation is explained simply by the fact that y(t) is the derivative of x(t).
The formulae found in Tables 6 and 7 are derived from equations (2-38), (2-45), (2-70) and (2-71). They are subject to the same restrictions and definitions. Although the variances can be estimated from elementary frequency samples averaged without a dead time over 0, it is important to note that the estimation of the variances using phase samples is less computationally expensive as explained in the text.
[bookmark: _Toc382196920]2.3.2.6	Applications
Originally the classical Allan variance was introduced as a means to characterise precision frequency sources at a time when spectral analysis at very low Fourier frequencies was not possible. Nowadays it is technically feasible to sample x(t) at a sampling rate higher than the Nyquist rate and to compute numerically from the samples the power spectral density of x(t) or of y(t) at all Fourier frequencies. Given the power spectral density, it is possible to identify the noise processes and to compute every kind of time domain variances.
Nevertheless time-domain variances are still useful tools to characterise oscillators and to identify the noise processes. One reason is the required acquisition and processing time for a given degree of confidence. On the one hand time-domain variances can be updated continuously as new data is acquired. On the other hand, spectral analysis requires the sampling of many slices of data, with each slice having a duration equal to the inverse of the required resolution, before an accurate power spectral density estimation is obtained.
Another reason is that most practical measuring systems sample y(t) or x(t) without respecting the sampling theorem. In this case spectral analysis of the data would be ruined by aliasing while the classical Allan variance is still meaningful.
For the purpose of the identification of the noise processes defined in the polynomial model, the modified Allan variance is superior to the classical Allan variance because it yields different slopes for all the useful noise process models. This is to be compared to the classical Allan variance that yields the same –2 dependence for both white PM and flicker PM. Moreover, on the condition that the sampling theorem is satisfied, the modified Allan variance is independent of the measurement bandwidth B for all power-law processes while the classical Allan variance is a function of the bandwidth B for both white PM and flicker PM. In the particular case of flicker PM, the modified Allan variance is independent of the system bandwidth even if the sampling theorem is not satisfied.
[bookmark: _Toc382196921]2.3.2.7	Conversion between time and frequency domains
Table 8 shows the correspondence between the log-log slopes associated with the spectral domain and time domain measurements of power-law processes.
Table 8
Correspondence of log-log slopes between spectral and time domains for power-law noise processes
	
	Slope of log-log plot

	
	Spectral domain
	Time domain

	
	
	
	
	


	Slope
	a
	b    a  –  2
	m
	m

	Random walk FM
	−2
	−4
	1
	1

	Flicker FM
	−1
	−3
	0
	0

	White FM
	0
	−2
	−1
	−1

	Flicker PM
	1
	−1
	−2
	−2

	White PM
	2
	0
	−2
	−3



As mentioned above the modified Allan variance yields different slopes for the different noise processes. This property facilitates the identification of the processes. This is to be compared with the classical Allan variance that yields the same  slope for both white PM and flicker PM.
On the other hand, the classical Allan variance is a function of the bandwidth B for white PM and flicker PM. The reasons for this dependence are explained above. As a consequence, the Allan variance for a white PM process allows the determination of the mean squared value N0 B of the process and does not allow the determination of the spectral density N0 unless the bandwidth B of the system is properly calibrated. On the other hand, Allan variance is independent of the measurement bandwidth B for all power-law processes on the condition that the sampling theorem is satisfied. The modified Allan variance measured under this condition is noted “cmod” in Table 9 and the coefficients Ac to Ec are to be used for the conversion (see Table 10).
Table 9
Conversion factors for translation of power-law processes
	
	
	
	
	

	Random walk FM
	h–2 f –2
	A h–2 t
	Am h–2 t
	Ac h–2 t

	Flicker FM
	h–1 f –1
	B h-1
	Bm h–1
	Bc h–1

	White FM
	h0
	C h0 t –1
	Cm h0 t –1
	Cc h0 t –1

	Flicker PM
	h1 f
	D h1 t –2
	Dm h1 t –2
	Dc h1 t –2

	White PM
	h2 f 2
	E h2 t –2
	Em h2 t –3
	Ec h2 t –3




Table 10
Coefficients to be used in Table 9
	
	
	


	
	
	

	
	
	

	
	
	

	
	
	



If the modified Allan variance is measured without satisfying the sampling theorem, then aliasing occurs. The modified variance measured under this condition is noted “mod” in Table 9 and the coefficients Am to Em are to be used for the conversion (see Table 10). Contrary to all the other coefficients in Table 10, these are not exact analytical values. The exact modified Allan variance depends on the sampling period 0 and on the number of samples n through equation (2-45). The coefficients shown are asymptotic values based on the assumption that for random walk FM, flicker FM and white FM the aliasing effect is negligible and that the discrete modified variance is equal to the continuous variance given by equation (2-47). For flicker PM it was verified in [Bernier, 1988] by numerical integration that the discrete modified variance behaves like the classical variance for small values of n and like the continuous modified variance for large values of n. In the case of white FM, it was verified in [Bernier, 1987] by numerical integration that the discrete modified variance is equal to the classical Allan variance for n = 1 and follows the −3 slope of the continuous modified Allan variance even for small values of n. Conversion factors for non-integer exponent power-law processes are computed theoretically in [Walter, 1994] and fully confirm the coefficients presented here for integer exponents.
The process of translating from the frequency domain to the time domain is an exact one. However, the inverse process, going from the time domain to the frequency domain, is only approximate unless there is only one power-law process [Vernotte, 1993].
[bookmark: _Toc382196922][bookmark: _Toc223943494][bookmark: _Toc223944419][bookmark: _Toc223944508][bookmark: _Toc223944703][bookmark: _Toc223965804][bookmark: _Toc224029670][bookmark: _Toc224030160]2.3.3	Environmental
[bookmark: _Toc382196923][bookmark: _Toc223943495][bookmark: _Toc223944420][bookmark: _Toc223944509][bookmark: _Toc223944704][bookmark: _Toc223965805][bookmark: _Toc224029671][bookmark: _Toc224030161]The above measures can be used to characterise the environment and hence the effect of particular environmental parameters of an oscillator. In recent years the applications of precision oscillators have expanded very rapidly and the question of the characterisation of environmental influences is becoming increasingly important. The physics of environmental influences on frequency standards is treated in [Audoin et al., 1990; Mattison et al., 1976; Papoulis, 1983 and Walls, 1990]. The characterisation and the specification of environmental sensitivities is treated in [Beard et al., 1989; Breakiron, 1989; Brendel et al., 1989; Dragonette et al., 1991; Gagnepain, 1989; Garvey 1989; Sydnor, 1989; Walls, 1990 and IEEE, 1994].
2.4	A bridge to the next Chapter
Most of the formalism and notations used in this chapter are borrowed to the field of electrical engineering and telecommunication theory. The present chapter, therefore, does not follow the conventions normally used by the time and frequency specialists who have developed concepts and notations of their own. This section is a bridge from the notations used in the present chapter and the standard IEEE and ITU‑R notations borrowed from the specialised time and frequency formalism that are used in the other chapters.
In the standard time and frequency notation, for example, the autocorrelation function of φ(t)is noted Rφ() and there is no distinction between the one sided and the two-sided power spectral densities. Both are noted Sφ( f ).
Instead of equations (2-3) and (2-5), the standard model of the oscillator noise uses directly the projection of the phasor model on the real axis, i.e. the real signal instead of the analytic one:
			(2-72)
where u(t) is the oscillator output voltage and U0 the nominal amplitude.
[bookmark: _Toc382196924][bookmark: _Toc223943496][bookmark: _Toc223944421][bookmark: _Toc223944510][bookmark: _Toc223944705][bookmark: _Toc223965806][bookmark: _Toc224029672][bookmark: _Toc224030162][bookmark: _Toc382196925]2.5	Appendix: Random processes
[bookmark: _Toc382196926][bookmark: _Toc223943497][bookmark: _Toc223944422][bookmark: _Toc223944511][bookmark: _Toc223944706][bookmark: _Toc223965807][bookmark: _Toc224029673][bookmark: _Toc224030163]2.5.1	Introduction
In the domain of frequency stability characterisation, the quantities of interest are essentially band-limited, low-pass and band-pass random processes such as x(t), y(t) and n(t) defined above. 
[bookmark: _Toc382196927][bookmark: _Toc223943498][bookmark: _Toc223944423][bookmark: _Toc223944512][bookmark: _Toc223944707][bookmark: _Toc223965808][bookmark: _Toc224029674][bookmark: _Toc224030164]2.5.2	Definition of a random process

A random process x(t) is the statistical ensemble {} of all the possible sample functions x(, t) that share the statistical properties that define the random process x(t). The random process is to the sample function what the random variable is to a random number. A good introduction to random processes can be found in [Wozencraft et al., 1965].
The processes (t), φ(t), x(t), y(t), n(t) etc. defined in previous sections are all random processes.
[bookmark: _Toc382196928][bookmark: _Toc223943499][bookmark: _Toc223944424][bookmark: _Toc223944513][bookmark: _Toc223944708][bookmark: _Toc223965809][bookmark: _Toc224029675][bookmark: _Toc224030165]2.5.3	Stationary random processes
A random process is stationary if its statistical properties are invariant to a translation of time and have a finite mean. This also means that its statistical properties are independent of the origin of time. A wide sense stationary process has a finite mean for statistical properties, but these are not invariant to a translation in time.
[bookmark: _Toc382196929][bookmark: _Toc223943500][bookmark: _Toc223944425][bookmark: _Toc223944514][bookmark: _Toc223944709][bookmark: _Toc223965810][bookmark: _Toc224029676][bookmark: _Toc224030166]2.5.4	Non-stationary random processes
A random process is non-stationary if its statistical properties are a function of time. The phase noise φ(t) and the frequency noise y(t) of oscillators generally contains non-stationary terms. For instance, the phase noise process φ(t) usually has flicker or random walk components that makes its mean value and mean squared value undefinable. Only local averages, that are a random function of time, can be defined.
It is precisely the non-stationarity of the oscillator noise processes that ruled out the use of classical statistical methods for their characterisation in the time domain and that led to the development of specific methods such as the Allan variance. In all the above, it should be kept in mind that stationarity or non-stationarity is a property of models and not of oscillators.
[bookmark: _Toc382196930][bookmark: _Toc223943501][bookmark: _Toc223944426][bookmark: _Toc223944515][bookmark: _Toc223944710][bookmark: _Toc223965811][bookmark: _Toc224029677][bookmark: _Toc224030167]2.5.5	Auto-correlation function
The auto-correlation function of a real stationary random process x(t) is defined as:
			(2-73)
where E{} is the statistical expectation operator. In the case of a non-stationary or wide sense stationary real process the autocorrelation function is also a function of the time t and not only of the time difference .
[bookmark: _Toc382196931][bookmark: _Toc223943502][bookmark: _Toc223944427][bookmark: _Toc223944516][bookmark: _Toc223944711][bookmark: _Toc223965812][bookmark: _Toc224029678][bookmark: _Toc224030168]2.5.6	Power spectral density
The double-sided power spectral density of the process x(t) is defined as the Fourier transform of its auto-correlation function.
			(2-74)
The single sided power spectral density S+xx( f ) is the two-sided power spectral density folded over the origin so that only the positive Fourier frequencies are used.
[bookmark: _Toc382196932]			(2-75)
[bookmark: _Toc223943503][bookmark: _Toc223944428][bookmark: _Toc223944517][bookmark: _Toc223944712][bookmark: _Toc223965813][bookmark: _Toc224029679][bookmark: _Toc224030169]2.5.7	Linear filtering of random processes
By definition, when a random process z(t) is filtered by a linear operator of impulse response h(t), the output w(t) is the convolution of the impulse response h(t) with the input z(t). It can be shown that the power spectral density of the output w(t) is given by [Wozencraft et al., 1965].
			(2-76)

where  is the squared module of the transfer function H( f ) which is defined as the Fourier transform of the impulse response h(t) of the linear operator.
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Whereas Chapter 1 covers the basic physics and operational concepts of precision frequency standards, Chapter 3 covers time and frequency sources in more detail. The user, considering environmental conditions and local constraints and opportunities, will be shown in this Chapter different options for obtaining sources of time and frequency. 
Typically, the sources described here are frequency sources. None of them will, intrinsically, deliver time-of-day information, and synchronization to a reference time scale, such as UTC needs to be provided externally. In this regard, it is useful to appreciate that the frequency sources discussed here are tied to fundamental physics, from which the unit of time and frequency (the SI second) is defined. In contrast, time, which is the integral of frequency, has as its constant of integration an artefact number agreed upon by international standards bodies or as determined by the user. From such is obtained UTC, UTC(k), or some other self-consistent time scale as detailed in Chapter 5. The dissemination of time and frequency is topic of Chapter 6.
Chapter 3 may seem, in part, repetitious with material in Chapter 1, but the intent here is to help the user decide which of the sources given may best fill the users’ needs and requirements.
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Precision time and frequency standards based on mechanical resonances in quartz material and atomic resonance phenomena are widely used in scientific and technological applications including data networks, telecommunication systems, navigation, metrology, the world’s timing systems, and scientific research such as astronomy and spectroscopy. Chapter 1 has already explained the basic principle of these devices and in Chapter 2 the terminology to describe their performance was laid down. Here, each device is described in a separate section in some detail (see [Vanier and Audoin, 1989], and [Vanier and Tomescu, 2016] for a full account including recent developments). Understanding the physics will better help the user see how a particular standard may perform in a given environment. Tables are added which contain relevant performance data. The most severe limitations to performance due to environmental effects are mentioned. The largest part of this Chapter deals with atomic frequency standards (AFS) with atomic resonance frequencies in the microwave range. So-called optical frequency standards are briefly discussed in § 3.9.3 and in detail in Chapter 9.
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Quartz crystal oscillators are the workhorses in time and frequency metrology. The piezo-electric effect of quartz (SiO2) is employed to excite mechanical vibrations by applying electric oscillating fields to a piece of suitably cut single crystal of the material which constitutes the crystal resonator. The material is very convenient. It can be grown in large quantities, at low cost, with sufficient chemical purity and high lattice perfection. It exhibits low electrical losses.
Conceptually, the resonance frequency of the resonator is used to discipline the electric oscillator. Thus, the components are described one-by-one. A detailed technical and historical survey is available from [Lombardi, 2011].
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Mechanical deformations in the quartz material, such as flexure, extension, and shear, can be used. They may propagate in the bulk of the material and resonance occurs when the acoustic waves of a given type fulfil boundary conditions. The quartz resonator design is aimed at minimizing the perturbation of the intrinsic properties by environmental factors. The “cut” – the orientation of the piece of quartz with respect to the crystallographic axes – is chosen such that the influence of temperature and stress upon the oscillating frequency is minimized. The mechanical properties of the quartz plate are used in an electrical circuit thanks to the piezoelectric effect, which couples electric fields and mechanical displacements in non‑centrosymmetric crystals (such as quartz). Figure 4 shows the electrical equivalent circuit of a piezoelectric resonator. In frequency and time metrology applications, the resonance frequency 0 is usually 5 or 10 MHz. In other applications, it can be as high as 1 GHz. The quality factor Q varies inversely with the resonance frequency. Typically, one has  with K  1013 Hz.
Figure 4
Electrical equivalent circuit of a piezoelectric resonator
[image: Electrical equivalent circuit of a piezoelectric resonator]
In an advanced design, called BVA for “Boîtier Vieillissement Amelioré” [Besson, 1977], the electrodes are not deposited on the faces of the vibrating plate, as is most often done. The electrodes are placed on auxiliary plates, at a distance of a few micrometres from the active one. Then, the mass loading of the main plate by the electrodes is suppressed, as well as any stress release and material migration at the interface between quartz and metal.
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The resonator is inserted in a feedback loop, as shown schematically in Fig. 5. In steady state, the closed loop phase shift is 0 or π and the oscillation amplitude is a constant. For a given phase perturbation, the related fractional frequency change is proportional to 1/QL, where QL is the loaded quality factor of the resonator in the network. Typically, QL  106 at 5 MHz. Two additional capacitors enable the adjustment of the frequency of the oscillator, a fixed capacitor and a varactor (summarized as CL in Fig. 4). The latter is used for fine tuning with an external DC voltage source. This feature is needed in all applications where quartz oscillators are steered by an atomic reference, i.e. in all devices discussed further on.
In all high-quality quartz crystal frequency standards, the resonator and other temperature sensitive elements are placed in a controlled oven whose temperature is set as closely as possible at a point where the resonator frequency does not depend on temperature.




Figure 5
Schematic representation of a quartz crystal oscillator, A: amplifier, Z: impedance
[image: Schematic representation of a quartz crystal oscillator, A: amplifier, Z: impedance]
[bookmark: _Toc223943510][bookmark: _Toc223944435][bookmark: _Toc223944524][bookmark: _Toc223965820][bookmark: _Toc224029686][bookmark: _Toc224030178]3.2.3	Frequency instability of quartz crystal oscillators
A detailed discussion of the measures of instability is contained in Chapter 2. A concise treatment of the properties of quartz oscillators and of phase noise can be found in Chapter 4 and in [Rubiola, 2009]. 
3.2.3.1	Random frequency fluctuations
Close to the carrier, i.e. at Fourier frequencies smaller than approximately the resonator half‑bandwidth, 0 / Q, quartz crystal oscillators show flicker noise of frequency, which originates in the quartz resonator and in the circuitry of the feedback loop. Then the phase noise power spectral density (PSD) varies as f –3. This noise determines the frequency stability for sampling times between about 1 and 103 s. In that range, the time domain frequency stability measure, y() (see Chapter 2), is a constant. Typical values for a 5 MHz state of the art quartz crystal oscillator are y() between 8  10−14 and 3  10−13 in this region of .
Lower quality quartz crystal oscillators are also used in many digital devices and are also used in all computers to maintain the time of day and for other purposes such as scheduling a process to run at some specific time. These oscillators generally exhibit flicker phase noise for sampling times less than a few hundred seconds. The time deviation, x(), is typically about 0.5 s at these averaging times. Flicker frequency noise is the dominant noise type for averaging times larger than about 103 s.
At Fourier frequencies larger than 0 / Q, the oscillator is perturbed by flicker phase noise until it becomes smaller than the white phase noise. The flicker phase noise (PSD varying as f –1) is a result of the processing of the flicker noise of the frequency in the oscillator feedback loop.
At Fourier frequencies larger than approximately 100 Hz, for 5 MHz quartz crystal oscillators, the phase noise is white noise. It results from the noise added in the amplifying output circuit. The phase noise PSD within the bandwidth of the output stage is given by:
			(3-1)
where k is the Boltzmann constant, T is the thermodynamic temperature, P the power generated in the oscillation loop and F is the noise factor of the output amplifier.
3.2.3.2	Systematic effects
For sampling times larger than  103 s in the case of a 5 MHz quartz crystal oscillator, the frequency stability is perturbed by ageing effects. They yield a slow fractional frequency change of the order of 10−11 per day. This rate is not constant and can vary by almost an order of magnitude over a period of a few days. These ageing effects are caused by the change of the properties of the electronic components, the stress relief and the diffusion of impurities in the quartz crystal, etc. Furthermore, the frequency of quartz crystal oscillators is affected by a change of the external conditions, such as supply voltage, temperature, humidity, pressure and vibrations. The measured frequency change is the sum of these effects, and the sign of the change occasionally reverses.
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The small value of E2 – E1 that is true for all AFS with clock frequencies in the microwave region implies that (E2 – E1) << kT, where kT is the thermal energy. Therefore, at thermal equilibrium, the two energy levels are almost equally populated. It follows that this thermal equilibrium must be broken in order to be able to observe a change in the atomic properties or an exchange of a detectable amount of energy when the atomic transition occurs. Two different methods are implemented to overcome thermal equilibrium. The first one is related to the fact that the atoms show opposite values of their effective magnetic moment whether they occupy one or the other of the two energy levels that are considered. Consequently, the deflection of atoms in a beam passing an inhomogeneous and intense magnetic field depends on their internal state and they can be separated [Gerlach and Stern, 1924; Gerlach, 1925]. This method of state selection is used in caesium beam AFS and in hydrogen masers. It is not very efficient because it discards atoms that are not initially in the proper clock state, where “proper” depends on the chosen geometry. For example, there are 16 equally populated magnetic sub-levels in the ground state of caesium 133, and magnetic selection immediately discards one half. The remaining ones are in different magnetic sub-states, so that finally only about 1/8 of the atoms in the beam after state selection are available for the microwave interrogation of the so-called clock transition. 
The other method is based on optical pumping [Kastler, 1950]. In addition to the clock transition that is based on the hyperfine interaction levels 1 and 2 in the ground state, the atoms have excited levels of much larger energy, such as level 3 shown in Fig. 6. An optical radiation, having an appropriate wavelength, can transfer atoms from level 1 to level 3, for instance. Spontaneous decay back to both levels 1 and 2 occurs in an extremely short time, typically < 50 ns. An atom that decays back to level 1 is pumped to level 3 again. But an atom that decays to level 2 is effectively trapped there because the natural lifetime of level 2 is very long. The net result of optical pumping is that the population of one of the ground-state levels (level 2 in the example given) increases to the detriment of that of the other level (level 1). This is the principle of state preparation in the commercially available rubidium AFS and in the optically pumped caesium beam AFS. When all the atoms have been pumped into level 2, no further absorption takes place, and the atoms become transparent to the pump radiation. If an external frequency induces transitions from level 2 back to level 1, then the atoms start absorbing the pumping radiation again, and the transmitted intensity of the pump radiation decreases.
Figure 6
Principle of optical pumping
[image: Principle of optical pumping]
The clock transition frequency is determined through Bohr’s relation:
			(3-2)
where h is Planck’ constant. The width of the observed atomic resonant response, in an active as well as in a passive atomic frequency standard which can be traced back to Heisenberg’s uncertainty relation:
			(3-3)
In all microwave atomic frequency standards in use the natural lifetime of the clock state is very long, so, t is determined by the duration of the interaction between the atomic species and the probing field. Details will be given for the individual standards below. Before a general chapter describes the measures of the performance of the standards.
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It is quite common to distinguish the short-term and medium-term frequency stability, which are determined by random processes, and the long-term stability which depends on systematic effects.
3.4.1.1	Short-term frequency stability
In both categories of atomic frequency standards, active and passive, the short-term frequency stability is that of the quartz crystal oscillator. This occurs for sampling times  smaller than the control loop time constant, which is typically of the order of 1 – 10 s.
3.4.1.2	Medium-term frequency stability
For  larger than the control loop time constant ( 1 – 10 s), up to a limit which depends on the Atomic Frequency Standard (AFS) considered ( 1 day for caesium AFS,  104 s for hydrogen AFS,  103 s for rubidium AFS), the frequency stability is determined by the quality factor of the atomic resonance and by the signal to noise ratio of its observation.
3.4.1.2.1	Medium-term frequency stability in passive frequency standards
The frequency stability is directly related to the precision of the measurement of the extremum of the atomic resonance pattern. It can be shown that the time‑domain frequency stability measure y() is given by [Vanier and Audoin, 1989]:
			(3-4)
where S/N() is the amplitude signal to noise ratio for the sampling time  and Q the atomic line quality factor.
In the caesium beam and the rubidium cell frequency standards, the noise is the shot noise of the flux of particles detected, atoms or photons, respectively. It is obtained:
			(3-5)
where Is is the particle flux measuring the line amplitude and It is the total flux of particles detected. It is thus obtained: 
			(3-6)
The frequency stability varies as –1/2, which is related to the fact that the perturbing frequency noise is white noise (random and uncorrelated). In the rubidium cell frequency standard, usually Is << It. In the commercial caesium beam frequency standard, Is  is almost equal to It  and equation (3-6) gives:
			(3-7)
In the passive hydrogen maser, it follows that:
			(3-8)
where kT is the thermal noise energy in the cavity mode and P the power delivered to the cavity by the atoms. K is a constant, larger than unity, which depends on the operating parameters. It is then obtained, in that case:
			(3-9)
3.4.1.2.2	Medium-term frequency stability in active frequency standards
In all types of oscillators, one distinguishes schematically between the frequency noise generated in the oscillation sustaining circuit and the frequency noise added to the oscillation in subsequent amplifying circuits. The noise generated in the oscillation feedback loop is white frequency noise (in quartz crystal oscillator, this white frequency noise is usually masked by flicker noise FM). The related time‑domain frequency stability measure is given by [Vanier and Audoin, 1989]:
			(3-10)
In active hydrogen masers, this white frequency noise predominates the frequency stability for  ranging between about 20 and 104 s. The noise added in the amplifying output circuit is white phase noise, as shown by equation (3-1). It is obtained:
			(3-11)
where fh is the noise bandwidth of the frequency stability measurement equipment.
3.4.1.3	Long-term frequency stability
For  larger than  1 day for caesium AFS,  104 s for hydrogen AFS and  103 s for rubidium AFS, the frequency stability measure y() decreases with reduced slope and reaches a constant “flicker floor” value. It may even increase with sampling time at longer times.
There is no theory that relates the long-term frequency changes to a fundamental physical effect such as shot noise or thermal noise. Instead, they are the result of slow changes of a number of frequency offsets, given in the detailed descriptions of the AFS, which perturb the idealized resonance frequency defined by equation (3-2). Most of these frequency offsets depend on the way the atomic transition is observed and thus on the design or type of frequency standard. Their change is determined by ageing effects and by variations of the environmental conditions. The rate of ageing and the sensitivity to external perturbations are directly related to the design choices made. 
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3.4.2.1	Residual frequency offsets
Although one strives to design atomic frequency standards such that the ideal condition of atoms isolated and at rest is satisfied as much as possible, small frequency offsets cannot be avoided in current practice. The uncertainty on our knowledge of the magnitude of these frequency offsets determines the accuracy of atomic frequency standards. The physical origin of some of these frequency offsets is common to all types of frequency standards, e.g. the second order Doppler effect due to thermal motion of the atoms. Others are specific to a given type, e.g. the buffer gas frequency offset and the light shift in a rubidium cell and will be dealt with in the respective following sections.
3.4.2.2	Definition
In general, the accuracy expresses the agreement between the result of a measurement and the true value of the measurand (see Glossary, preceding Chapter 1). For a quantitative statement, it is expressed as the cumulative normalized uncertainty of the value realized relative to that given by the definition. Usually, this uncertainty has two different components. In the case of atomic frequency standards, one is related to random perturbations affecting the measurement of residual frequency offsets (e.g. that due to the measurement of the magnetic field applied). The other is a systematic component that is related to a lack of knowledge of some operating parameters (e.g. the inhomogeneity of the magnetic field). These two components must be combined with care [BIPM, 2008]. In general, the methods that are used to evaluate systematic contributions have uncertainties as well, which further complicates the overall uncertainty budget.
3.4.2.3	Primary and secondary frequency standards
Laboratory caesium beam frequency standards are purposely built to realize as accurately as possible the definition of the second. They are usually termed primary clocks as they provide the primary realization of the unit of time with highest accuracy[footnoteRef:1].  [1:  	Note that in ITU-T a different use of the term “primary clock” is common.] 

Their accuracy is the normalized uncertainty of the measured or estimated frequency difference between the realized value of the hyperfine transition frequency and the unperturbed transition frequency given in Table 1. The best values achieved to date (2025) with devices employing a thermal atomic beam are about 1  10−14, employing laser-cooled atoms almost 1  10−16 (see § 3.9) have been reported. The quoted values are based on an enumeration of the magnitudes of known systematic effects and an estimate of the uncertainty of the contribution of each of these offsets to the frequency of the device. Although the value of the unperturbed hyperfine transition frequency in hydrogen, H, is known with a rather small relative uncertainty, of the order of 2  10−12, the frequency realized by a practical hydrogen maser has systematic offsets caused by the design of the resonant cavity and other factors. These offsets often change slowly with time, so that the AHM output frequency can have both significant offset and drift.
The accuracy of rubidium gas-cell AFS is comparatively poor because of various effects, as described below. The output frequency must be calibrated against that of a more accurate atomic frequency standard. The rubidium gas-cell frequency standard is thus used as a secondary frequency standard.
Quartz crystal oscillators may have a relative offset of the order 10–6 from nominal without calibration. Because of this, quartz crystal oscillators are almost always calibrated (e.g. when used as internal reference in synthesizers and time interval counters) against a standard frequency and are used as secondary frequency standards.
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The concept of reproducibility has two aspects (see Glossary):
a)	with respect to a set of independent devices of the same design, it is the ability of these devices to produce the same value;
b)	with respect to a single device, put into operation repeatedly without adjustments, it is the ability to produce the same value.
The resettability (see Glossary) is the ability of a device to produce the same value when specified parameters are independently adjusted under stated condition of use.
It is worth mentioning that the accuracy figure of a given atomic frequency standard (e.g. 3  10−12) is an upper bound of its reproducibility and of its resettability (e.g. 5  10−13) as well as of its long-term frequency stability (e.g. 2  10−12 for the life of the device).
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3.5	The rubidium gas cell frequency standard
Frequency standards involving optically pumped atomic vapour in closed cells have been successfully used in numerous applications where the requirements regarding frequency instability in the short and long term cannot be fulfilled with quartz oscillators, but where constraints on space, power consumption, or cost prevent the use of other types of atomic frequency standards. The rubidium gas cell frequency standard is an example. Development of this kind of frequency standard started in the late 1950s in the USA, and the first commercial model became available in the 1960s. The history was recently compiled by [Riley, 2019]. The reference transition used is the 87Rb hyperfine transition at 0  6.84 GHz. The simplified level scheme is shown as Fig. 7 a). 
In the rubidium gas cell atomic frequency standard (in short: Rb AFS) the state selection and detection of the clock transition is achieved using an optical-pumping method. Optical excitation on the D2 line to the 2P3/2 level (E3 in Figs 6 and 7 a)) requires a radiation source at 780 nm wavelength. Light from a discharge lamp (filled with the isotope 87Rb) passes a filter cell (called the hyperfine filter) which contains 85Rb isotope vapour before it excites 87Rb atoms in a cell filled with buffer gas inside a microwave resonator. Atoms excited to the E3 states in the cell then relax to both ground state levels either by spontaneous emission or by collisions with the buffer gas. The buffer gas, a mixture of inert gases featuring elastic collisions with the Rb atoms, increases the interaction time, T, of the atoms with the microwave field sustained in the resonator by reducing the (inelastic) collision rate of the atoms with the walls of the cell.
The action of the isotopic filter cell alters the spectrum of the light allowing only 87Rb atoms in the lower hyperfine level (E1 in Figs 6 and 7 b)) to be optically pumped. This level is thus depopulated, and the cell becomes transparent. If microwave radiation at frequency p close to 0 is applied to the atoms, the lower hyperfine level is again populated, and optical absorption starts again. In resonance, p  0, the signal at the photo detector shows a minimum, as illustrated in Fig. 7 c). The spectral width of the resonance feature is typically 500 Hz due to limits on T caused by both buffer gas and residual wall collisions. The signal at p is synthesized from a VCXO and modulated. Synchronous detection yields a control signal, UR, to steer the VCXO. The centre frequency of the resonance line deviates considerably from the value of 0 of unperturbed 87Rb atoms. Frequency shifts are caused by the presence of magnetic fields, collisions with the buffer gas, and the simultaneous interaction of atoms with optical and microwave radiation. The total shift may reach about 10–9 in relative units and the gas composition and light intensity is initially adjusted so as to yield optimum performance with a minimum of environmental sensitivity. The latter two effects, however, are per se not stable in time, as the lamp ages (change in its spectrum and its intensity) and the gas composition in the filter cell and the resonance cell itself change somewhat with time due to diffusion and outgassing. If helium is present in the environment, it can diffuse into the filter cell and significantly change the performance of the device. Both effects also change with the ambient temperature and temperature gradients.










Figure 7
a) Energy levels of 87Rb; b) Rubidium gas cell frequency standard, schematic representation;
c) Detector signal ID versus frequency p of the microwave radiation
[image: a) Energy levels of 87Rb; b) Rubidium gas cell frequency standard, schematic representation;
c) Detector signal ID versus frequency p of the microwave radiation
]
As the individual contributions to offsets in the output frequency may become large and are difficult to trace, the Rb AFS cannot be considered as a primary frequency standard. Instead, it must be calibrated against a known frequency reference. In addition, these standards tend to be more environmentally sensitive than caesium and hydrogen standards. If calibrated by the manufacturer or by a standards laboratory, Rb AFS can transport frequency at about the 1  10–11 level of uncertainty. Their intrinsic short-term stability, however, can often be better than that of caesium standards because of the higher signal to noise ratio available in many of them. Vibrations and AC magnetic fields should be avoided during operations to maintain this good short-term frequency stability.
Rb AFS are available at different levels of performance, which basically depend on the size of the units and the sophistication of the control of operational parameters. In Table 11 small module‑size units (volume less than 10–3 m3) – here the hyperfine filter is often integrated into the resonance cell, containing natural Rb– and instrument size units (typical. volume of 10–2 m3) from various manufacturers are compared. Space qualified versions are available that serve as frequency references in many space applications, in particular on board of GNSS satellites. A recent review on the topic was provided by [Schmittberger, Marlow and Scherer, 2021]. 
A nowadays wide-spread use of Rb AFS is in combination with a GNSS receiver. Output frequency and 1PPS output (if available) are controlled with reference to the received GNSS signals with a long time constant (> 10 000 s). Applications of GNSS disciplined oscillators have been discussed in [Lombardi, 2016; EURAMET, 2016; Piester et al., 2019] and the subject is taken up in Chapter 8.
Table 11
Performance data of rubidium AFS
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	A
	B
	C
	D
	E
	F
	G

	Power source
	AC+DC
	4.5 – 32 V DC
	15 V + 5 V
	24 V
	12 or 24 V
	24 V
	AC + DC

	Frequency offset at delivery
	5×10−11
	5×10−11
	
	5×10−11
	5×10−11
	5×10−11
	5×10−11

	Temperature sensitivity over temperature range
	
	1×10−10, 80 K
	3×10−10, 60 K
	1×10−10, 60 K
	2×10−10, 60 K
	1×10−10, 80 K
	3×10−10, 50 K

	Magnetic field sensitivity
	
	7E-11/G, max 2 G
	
	1E-10 / G
	1E-10 / G
	2E-10 / G
	4E-11/ G, max 2 G

	Aging/month
	5×10−11
	5×10−11
	2×10−10
	3×10−11
	3×10−11
	5×10−11
	5×10−11

	Aging/year
	5×10−10
	5×10−10
	2×10−9
	
	
	< 10−10
	5×10−10

	ADEV 1s
	2E-11
	5×10−11
	1.4×10−11
	5×10−11
	3×10−11
	2×10−11
	3×10−11

	ADEV 10s
	1e-11
	1.6×10−11
	
	1×10−11
	8×10−12
	1×10−11
	1×10−11

	ADEV 100s
	2e-12
	5×10−12
	
	3×10−12
	3×10−12
	2×10−12
	3×10−12

	Interface
	No
	RS232
	No
	RS232
	RS232
	RS232
	RS232

	1 PPS output
	Yes
	Yes
	No
	No
	Yes
	Yes
	Yes

	Power (Watt) normal ops./ warm-up
	10
	10 / 14
	8 / 32
	10 / 25
	10 / 30
	15 / 50
	25 / 45

	Warm up (minutes)
	
	8
	4
	15
	12
	7
	8



[bookmark: _Toc223943517][bookmark: _Toc223944442][bookmark: _Toc223944531][bookmark: _Toc223965827][bookmark: _Toc224029693][bookmark: _Toc224030185]3.6	The hydrogen maser
The ground state hyperfine splitting of the hydrogen atom corresponds to a transition line at 1 420 MHz. In the active maser stimulated emission inside a high-Q cavity is used to detect the atomic transition. An outline of the hydrogen maser is given in Fig. 8. Atomic hydrogen is generated in a radio-frequency driven discharge fed by (molecular) hydrogen gas. The beam of atomic hydrogen emerges from an orifice and is magnetically state selected in a hexapole or quadrupole magnet. Hydrogen atoms in the upper energy state E2 are directed into a storage bulb made of fused silica whose inner surface is coated with Teflon (Dupont trade name). The bulb is surrounded by a high‑Q microwave cavity tuned to the atomic resonance frequency. While the atoms bounce around inside the bulb, they decay from level E2 to level E1. Doing so, they release their energy through stimulated emission caused by the microwave field which the atoms themselves produce. The emitted radiation is added in phase to the pre-existing radiation due to the thermal background radiation in the cavity, a process that results in amplification, explaining the acronym MASER (Microwave Amplification by Stimulated Emission of Radiation). The Teflon coating ensures mostly elastic wall collisions. The average interaction time of the atoms with the microwave field is thus about one second, despite of almost 105 collisions with the wall of the bulb. A magnetic shield protects the interaction region from the ambient magnetic field, and a homogeneous field of about 0.1 − 1 T is created in this region. Pumps are used to evacuate the device and maintain a pressure smaller than 10–5 Pa, despite of the constant hydrogen flux.
In the active hydrogen maser (AHM), the radiation emitted by the atoms themselves is used for control of the quartz frequency, but the amount of energy available from the atoms is extremely small. Hence the associated electronics for sensing this L-band signal of this quantum transition are quite elaborate. Some of the radiation, of the order 10–13 − 10–14 W, is coupled out of the cavity and fed to a low‑noise microwave receiver. There the signal is mixed with a signal at a multiple frequency of the VCXO (e.g. 1 400 MHz), and the VCXO is phase-locked to the atomic radiation.
The origin of the frequency instability of the AHM at short averaging times is the instability of the free‑running VCXO, cavity thermal noise, and externally added noise. Despite of the complexities, with well-designed electronics, the excellent signal to noise available provides the best short-term stability of any frequency standard in the rf-region commercially available (see Table 12). 
Figure 8
Hydrogen maser
a) energy levels of the hydrogen atom; b) schematic representation
[image: Hydrogen maser
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Table 12
Performance data of active and passive hydrogen masers
	
	Active
	Passive

	Potential deviation of the output frequency from the nominal value
	3 10–13 (at delivery with manufacturer calibration)
	10–12 (at delivery with manufacturer calibration)

	y ( = 1 s)
	1  10–13
	7  10–13

	Flicker floor
	3  10–15  3  10–16
	1  10–15

	y ( = 1 month)
	with cavity auto-tuning
	without cavity auto-tuning
	
4  10–16
3  10–13
	
2  10–15
Not applicable

	Temperature (per K)
	3  10–15
	1  10–14

	Magnetic field (per 10–4 T), (10–4 T  1 G)
	5  10–15
	2  10–14



The long‑term frequency stability is controlled largely by the frequency stability of the cavity: The cavity-pulling of the frequency is a rather severe effect in an active device, in part because of the high Q‑value of the cavity. It is extremely challenging to construct a cavity of enough mechanical stability of the individual components and their joints. The AHM has therefore been traditionally considered as useful mainly for applications where its superior short‑ and medium‑term performance is a must, for example in VLBI ground stations. Over the years, however, several methods of “auto‑tuning” the cavity in the maser have been investigated and are now incorporated in many commercial devices. Some of the masers have shown a frequency ageing of as low as 10−16 per day compared with primary caesium clocks. The residual drift is probably caused by the ageing of the Teflon coating of the bulb, whereby the “wall‑shift” factor of several 10−12 (caused by the collisions of the atoms with their enclosure) is changed. Because of cavity‑pulling and wall‑shift, the best accuracy in the determination of the unperturbed transition frequency of the hydrogen atom is about 2  10−12. Though typically very small, the long-term frequency drift is still a problem in most masers.
Because of the strong impact of the mechanically defined resonance frequency of the cavity on the maser output frequency, the devices are typically sensitive to mechanical shocks and ambient temperature changes. It is only possible to achieve the long‑term stability reported above if the interaction volume is surrounded by a very effective thermal shield. An active maser typically occupies a volume of 0.5 m3, weighs 80 kg and may cost a factor of three to five times that of a high-performance caesium clock.
In the passive hydrogen maser (PHM), the cavity volume and thus the complete model can be made smaller than in an active maser. Since it is operated with a properly loaded cavity of lower Q, no self‑sustained oscillation is possible. Instead, a microwave probing field is applied to the cavity, and the atomic resonance is detected using a microwave receiver. The signal processing is like that in a caesium clock. The short-term stability is about an order of magnitude worse than that of an active maser at  = 1 s, and the stability only improves as y ()  –1/2. At  = 1 000 s, an active maser is typically more than 10 times more stable than a passive maser. However, because of the cavity servo, the passive maser is, in general, less sensitive to the environment. The passive hydrogen maser is the primary on-board clock technology for the European satellite navigation system Galileo. Its development started in the late nineties in Italian and Swiss firms, inheriting knowledge of the Russian company KVARZ (Nizhny Novgorod). The first device of that kind was flown on-board GIOVE-B launched in 2008. It was the first time ever that such technology was put in orbit. 
In [Vanier and Tomescu, 2016] several approaches of improving the performance of hydrogen masers are presented. Among those is the development of the cryogenic hydrogen maser because these devices promise the best short-term stability of any oscillator available. It is the cavity thermal noise that determines substantially the observed to frequency instability. Due to the complexity of the construction and operation, however, no commercial application has ever been achieved. 
[bookmark: _Toc223943518][bookmark: _Toc223944443][bookmark: _Toc223944532][bookmark: _Toc223965828][bookmark: _Toc224029694][bookmark: _Toc224030186]3.7	The caesium beam AFS
A Cs AFS is shown schematically in Fig. 9. A caesium atomic beam effuses from an oven which contains a few grams of 133Cs. Nature is favourable as it provides only this one isotope as stable against radioactive decay. The beam passes through a state‑selecting magnet, named polarizer, which deflects only atoms at the energy level E2 in the desired direction. In a microwave cavity with two arms the atoms are irradiated twice with the pulse of a microwave field, following Norman Ramsey’s idea of the separated-field excitation of the atoms [Ramsey, 1950; Ramsey, 1990].
Figure 9
Caesium atomic beam frequency standard
[image: ]
When the resonance condition (see equation (3-2)) is fulfilled, the atoms are transferred to the state E1. The analyser magnet deflects only these atoms to a hot wire detector which ionizes the caesium atoms on its surface. In commercial caesium clocks the ions are accelerated into a mass spectrometer and directed to the first dynode of a secondary electron multiplier (SEM). The output signal ID is proportional to the number of ions being deflected by the analyser magnet. A resonance feature appears in the output signal ID when the frequency p of the probing microwave field is swept across the value 0. Its line width W is a few hundred Hertz, given by W = <v> / ((2+)× L), where <v> is the mean velocity of the atoms in the beam and  is a small numerical factor depending on the cavity geometry and the width of the velocity distribution. L is the cavity length as defined in Fig. 9. The VCXO is steered in the same way as in a Rb standard. The value of 0 of unperturbed caesium atoms is 9 192 631 770 Hz per definition of the second.
Laboratory devices, referred to as primary caesium clocks or frequency standards, have been developed in some institutes and are specifically designed to facilitate the evaluation of all systematic frequency shifts [Vanier and Tomescu, 2016]. These devices have been operated with the aim of realizing the definition of the second with the highest accuracy possible. In addition to size and immobility, they differ from commercial devices by a few details: The ion current of a few picoamperes is measured directly. Due to the length of the cavity (about 1 m or even longer), the line width W is below 100 Hz. They used to determine the scale unit of International Atomic Time (TAI) for decades (see Chapter 5). With the advent of laser-cooled “fountain clocks”, however, their importance has decreased, and only two are still operational world-wide [Bauch, 2005].
The following applies in principle to all three types of microwave atomic frequency standards. In regard of the question, however, to what extent the SI second can be realized with a caesium clock it seems appropriate to elaborate here the various frequency offsets to be considered. They have been considered in detail [De Marchi, 1987; Vanier and Audoin, 1989]. In brief, the most significant of them are related to: 
i)	the existence of additional energy levels very close to those defining the “clock transition”, levels E1 and E2 in Fig. 6. The hydrogen and the alkali atoms require an applied static magnetic field to separate several otherwise degenerated sub-levels (C-field in Fig. 9). This field shifts quadratically the resonance frequency 0. Its value is a compromise between two opposite requirements. It must be as small as possible to limit the sensitivity of the transition frequency to field fluctuations, but it must be large enough to avoid as much as possible the overlapping of neighbouring transitions that occur between the different magnetic sublevels. In Cs AFS, for instance, the value of this field is chosen around 7  1 T = 10−4 Gauss). The related 0 frequency shift is close to 2 Hz, i.e. 2  10−10 in relative units. A relative variation of the magnitude of this field equal to 5  10−4 thus gives a relative change of the transition frequency of 1  10−13. This requires the implementation of:
a)	efficient magnetic shields in order to attenuate sufficiently the ambient magnetic field and its fluctuations, and 
b)	a stable current source to feed the coils producing the magnetic field. 
	The same conclusion holds for the other atomic frequency standards. The value of the static field can be measured by probing more sensitive transitions whose frequency depends linearly on its magnitude.
ii)	atomic motion. It gives rise to a possible residual first order Doppler effect and to an unavoidable, relativistic, second order Doppler effect. The related normalized frequency shifts are about 1  10–13 in the Cs beam frequency standard, for instance.
iii)	distortion of the atom wave function. Collisions between alkali or alkali‑like atoms as well as collisions with a buffer gas or the walls of the container disturb the energy levels and cause a frequency shift. Similarly, collisions with the wall of a containing vessel perturb the atom hyperfine interaction and also give a frequency shift. These effects are negligible in the Cs AFS. The frequency offset is of the order of 10−11 in the hydrogen maser and of 10−9 in the Rb AFS.
iv)	state selection. A frequency shift occurs when the atoms are subjected to an extraneous radiation. This leads, for example, to the light shift, which is specific to the Rb AFS and could become a problem in devices employing optical pumping (see below).
v)	coupling to the interrogation microwave field. Because of this coupling, a sufficiently accurate tuning of the microwave cavity is required. Otherwise, a cavity frequency pulling arises. It is usually smaller than 1  10−13. Proper microwave amplitude can greatly reduce the cavity pulling effects.
vi)	interrogation process. In all passive AFS the measured resonance frequency is sensitive to the quality of the frequency modulated signal that is necessary to probe the transition. Furthermore, then, some of the frequency offsets depend on the amplitude of the applied microwave field.
The frequency instability of the Cs AFS is at short averaging times determined by the shot‑noise originating in the number fluctuations in the atomic beam and in the long term by control of the operational parameters. The physics of Cs AFS is intrinsically less sensitive to environmental perturbations than that of Rb AFS. The output of Cs AFS can nevertheless be affected by adverse magnetic fields, by temperature and temperature gradients. If for example, a commercial Cs AFS is turned upside down, its frequency will change – probably due to temperature gradients more than due to the magnetic field of the earth or that of gravity forces.
Since 1992, a commercial Cs AFS is on the market which proved to be much less sensitive to environmental changes than heretofore observed. This improvement of nearly an order of magnitude in the long-term stability has come because of studying the physics of the transition and using its unique non-linearity coupled with digital electronics servo techniques [Cutler, 2005]. As an example, the C-field is measured periodically, and a feed-back loop stabilizes it at its design value. Very minor improvements to the specifications of this device have been introduced up to the time of writing in 2025. 
Investigations into whether state selecting magnets can be dispensed with and optical pumping used instead for state selection and detection of the atoms have been in progress for some time [Audoin, 1992; Vanier and Tomescu, 2016]. The feasibility of this method has been demonstrated and used in two primary clocks [Makdissi and de Clercq, 2001; Shirley et al., 2001] which have been decommissioned in the meantime, and in a few bread board versions of a compact Cs AFS. The use of state selection and detection by optical-pumping techniques would also contribute to the performance of the configuration because such techniques make use of a larger fraction of the flux of atoms than can be realized with the traditional magnetic deflection method of state selection. Recently, a commercial device, specifically designed to become constituent of a so-called Enhanced Primary Reference Time Clock as defined in Recommendation ITU-T G.8272.1 [ITU-T, 2024], has become available. Its technical specifications are very similar to those in Table 13 column “Digitally controlled”, but a longer operation time has been announced.
Commercial clocks weigh about 25 kg and fit into standard 19-inch-wide cabinets (modular versions also exist). They can be simultaneously supplied with AC and DC at a power consumption of about 50 W. Primary laboratory clocks or frequency standards are not transportable or available for purchase. Table 13 shows performance data of three models of commercially available caesium clocks and the data of a laboratory primary caesium clocks as operated in a national standards laboratory [Bauch et al., 2005].
Table 13
Performance data of Cs AFS
	Unit
	Standard
	High performance
	Digitally controlled
	Primary laboratory

	Potential deviation of the output frequency from the nominal value
	7  10–12
	7  10–12
	5  10–13
	1  10–14

	(y ( = 1 s))
	1.2  10–11
	1.2  10–11
	< 5 10–12
	4 10–12

	(y ( = 100 s))
	2.7  10–12
	2.7  10–12
	8.5  10–13
	< 10–13

	Flicker floor (y, min)
	n. s.
	3  10–14
	5  10–15
	< 1  10–15

	y ( = 1 month)
	n. s
	3  10–14
	5  10–15
	3  10–15

	Temperature, valid for full range 0 – 50 °C
	n. s
	1  10–13
	8 10–14
	+

	Magnetic field
(max. 2 10–4 T), all orientations
	n. s
	1  10–13
	8 0–14
	+

	+ operation in shielded environment only; n. s. not specified, sources: product specifications, download 2020-03-02.
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This section provides a snapshot on current trends in the development of commercial AFS for a widest range of applications. High accuracy applications in metrology and basic science rely on the developments discussed in § 3.9. 
The underlying physical principles are not particularly new, but at the time of writing of the first issue of this Handbook, developments had not left the status of purely academic research. Over the years, a wealth of studies and approaches followed. Nevertheless, the commercial market at the time of writing in 2025 is still dominated by the clock designs presented before, the Rb AFS and the Cs beam AFS. But this need not remain so forever. Two differing and sometimes mutually exclusive trends are noted:
–	Reducing the volume and power consumption compared to the Rb AFS at the price of similar or even reduced performance. This trend culminated in the so-called Chip scale Atomic Clock CSAC which has proved a commercial success with thousands of units produced each year.
–	Avoiding the limitations on frequency stability at short and long averaging times common to the legacy Rb AFS. Those are on one side related to the double resonance excitation with simultaneous presence of light from a discharge lamp and the microwave field. The other issue, relaxation and frequency shift due to the need of a buffer gas, is not addressed. Confinement or cooling of atoms and thus avoiding buffer gas adds substantial complexity, and examples of this are discussed in § 3.9.2.
All new developments rely on the availability of reliable narrow-linewidth semiconductor laser diodes. As they are available at wavelength 780 nm for Rb and 850 nm or 894 nm for Cs, both elements are used in each design. Frequency doubling of laser radiation from sources that are in widest use in telecommunications is relatively easy and facilitates the newer standards relying on rubidium. Another advantage is the lower value of the Rb nuclear spin and thus the lower number of sublevels in the ground-state than in Cs. A very detailed and systematic description of the various approaches, including a rich bibliography, can be found in [Vanier and Tomescu, 2016; Schmittberger, Marlow and Scherer, 2021]. A very much simplified treatment is offered in the following.
[bookmark: _Toc223943520][bookmark: _Toc223944445][bookmark: _Toc223944534][bookmark: _Toc223965830][bookmark: _Toc224029696][bookmark: _Toc224030188]3.8.1	Getting rid of the discharge lamp
The approach closest to the legacy Rb AFS is replacement of the discharge lamp by a laser source. The continuous double-resonance excitation is kept in which the optical field polarizes the atoms by optical pumping, and the microwave field sustained in the resonator drives the hyperfine transition. The operation remains simple, with a minimum addition of new optical components that are necessary e. g. in the pulsed mode of excitation (see § 3.8.3). The use of a laser leads to a better signal-to-noise ratio in the detection of the hyperfine resonance due to more efficient pumping and reduced background light. The laser frequency, however, needs to be stabilized by a second feedback-loop based on observing the absorption of the laser radiation in the cell. In [Bandi et al., 2014] short-term frequency instability as low as 1.4 × 10‑13×(/s)‑1/2 for  < 300 s was demonstrated, and ways to achieve good long-term stability were proposed. 
[bookmark: _Toc223943521][bookmark: _Toc223944446][bookmark: _Toc223944535][bookmark: _Toc223965831][bookmark: _Toc224029697][bookmark: _Toc224030189]3.8.2 	Getting rid of the microwave resonator
Given the fact of the hyperfine transition frequencies being  6.8 GHz for Rb and  9.2 GHz for Cs, the microwave resonator to confine the RF-field cannot be made very small. In particular, in view of further miniaturization, the use of coherent population trapping (CPT) has been studied since many years. CPT is accomplished by irradiation of the atoms with two laser radiation fields separated in frequency by the hyperfine transition frequency, i.e. a second laser field coupling levels E2 and E3 in Fig. 6 is added. At exact resonance coherence is created and the atoms get into a non-absorbing “dark” state as was discussed as early as 1976 [Alzetta et al., 1976]. In practical realizations, the current driving the laser is modulated at ν0/2, the value depending on the atom of choice. In 2005, a commercial product was available [Vanier et al., 2005] and a first review article on the subject was published [Vanier, 2005]. Broadest application of CPT today is in the CSACs, in which CPT in micro-machined cells is used. After the first demonstration at the National Institute of Standards and Technology (NIST) in 2004 [Knappe et al., 2004], commercial production started in 2011. A full-length review, including a description of the many (partially unexpected) applications is available in [Kitching, 2018]. The commercial product comes with the following specifications (extract only from Microchip CSAC Datasheet_ 00003478.pdf, accessed 2025-10-22): Relative frequency offset from nominal at shipment: ±5×10‑11, frequency instability at  = 1 s: 3 × 10‑10, long-term aging:  10‑9 / month. Another manufacturer combines the product with a single-frequency GPS receiver, so that the 1 PPS output follows UTC(USNO) within ±15 ns modulo an unspecified systematic offset in time. The frequency drift is suppressed through the lock to GPS, and in hold-over mode the specifications of the free-running CSAC apply (Jackson Lab GPSDO specs sheet, accessed 2025-10-22). 
[bookmark: _Toc223943522][bookmark: _Toc223944447][bookmark: _Toc223944536][bookmark: _Toc223965832][bookmark: _Toc224029698][bookmark: _Toc224030190]3.8.3	Getting rid of the issue of double-resonance excitation
Pulsed Optical Pumping (POP) of atoms in an absorption cell has been demonstrated as one way to avoid laser-light-induced frequency shifts that is unavoidable in CW double-resonance operation. Light-shifts originate from real photons that induce virtual transitions among the hyperfine energy levels of the atoms. Using POP, a laser pulse induces a population imbalance among the ground-state hyperfine levels by optical pumping. Then the laser is switched off, and the population is altered by irradiation with microwave radiation. The state population is probed afterwards with a second laser pulse and fluorescence detection. The microwave excitation can mimic Ramsey’s separated-field excitation of the atoms, described before, but now in the time domain. Then the recorded linewidth of the clock transition has a width of about the invers of the separation of two microwave impulses in time – at least if relaxation can be neglected. Due to the pulsed operation, the phase evolution of the local oscillator from which the microwave probing signal is synthesized remains unobserved. In consequence certain requirements on local oscillator phase-noise need to be obeyed, otherwise the frequency instability of the POP AFS will be compromised by the so-called Dick-effect [Vanier et Tomescu, 2016; Wynands and Weyers, 2005]. Pioneering work on POP AFS was done at the Italian Instituto Nazionale di Ricerca Metrologica [Micalizio et al., 2012], and recently an uptake by the industry was reported, with the aim to develop a space qualified POP frequency standard [Micalizio et al., 2019]. 
[bookmark: _Toc223943523][bookmark: _Toc223944448][bookmark: _Toc223944537][bookmark: _Toc223965833][bookmark: _Toc224029699][bookmark: _Toc224030191]3.9	Advanced frequency standards based on laser-cooling and optical transitions
[bookmark: _Toc223943524][bookmark: _Toc223944449][bookmark: _Toc223944538][bookmark: _Toc223965834][bookmark: _Toc224029700][bookmark: _Toc224030192]3.9.1	Atomic fountains
When the development of thermal beam primary clocks had revealed more or less fundamental limits preventing further improvements, the first fountain clocks employing laser-cooled atoms appeared in the early 1990’s [Gibble and Chu, 1993; Clairon et al., 1995, Wynands and Weyers, 2005]. The U.S. Naval Observatory (USNO) developed continuously running rubidium atomic fountain clocks that have contributed to EAL (Echelle Atomique Libre) for a number of years [Peil et al., 2016]. 
Fountain clocks are stationary, complex devices that at least now and then require human intervention for tuning and adjusting the required lasers. 
[bookmark: _Toc223943525][bookmark: _Toc223944450][bookmark: _Toc223944539][bookmark: _Toc223965835][bookmark: _Toc224029701][bookmark: _Toc224030193]3.9.2	Other advanced AFS under development
The application of laser-cooling has reached a certain level of maturity. Several research groups and commercial enterprises made efforts to develop turn-key frequency standards based on laser-cooled atoms but avoiding the bulky installation of a fountain. The idea is to produce a sample of laser-cooled atoms at rest and irradiating it in free fall for several ten milliseconds with microwave radiation, before recapturing the atoms and read out the atomic state population. Thus, the idea is similar as that used in POP described before. At the time of writing, there is little experience available in the open literature about long-term frequency stability, reliability of operation and ease of handling of the two commercial products that were presented at conferences. The first in time was MuClock, based on isotropic laser cooling of the atoms inside the microwave cavity, named HORACE (HOrloge à Refroidissement d’Atomes en CEllule = clock based on atoms cooled from vapour cell) [Esnault et al., 2011]. MuClock is a current product of Muquans, France. Similar ideas but a different technique of atom preparation and detection have been realized in portable cold Rb87 clocks offered by SpectraDynamics, Inc. USA [Ascarrunz et al., 2018].
A completely different idea is pursued since a couple of years at NASA’s Jet Propulsion Laboratory. In the following section, the use of radiofrequency ion traps will be mentioned in the context of optical frequency standards. In order to be localized (“trapped”), ions do not require laser-cooling, unlike neutral atoms. Thus, the use of a cloud of stored mercury (Hg) ions in a trap allows microwave spectroscopy of the 40.5 GHz ground state hyperfine transition of 199Hg ions. The ions are confined in a linear radiofrequency trap and buffer-gas cooled. The state preparation and detection of the clock transition is achieved by optical pumping with a Hg discharge lamp. The medium-term goal is the demonstration of long-term operation and qualification for use as frequency standard in a spacecraft [Hoang et al., 2019; Prestage and Weaver, 2007]. Work on transportable ion-trap frequency standards based on the 12.6 GHz hyperfine transition in 171Yb+ has been reported by at least two groups [Mulholland et al., 2018; Tallant et al., 2019]. Here the complexity is going to be even larger as several tuneable narrow linewidth lasers are needed for the operations. 
It should be noted that similar developments have also been reported out of People’s Republic of China. Thus, the examples given do not represent the full set of developments world-wide, and likely the section could be updated within a five-years’ time frame. For the time being it is difficult to decide which approach will prove as most successful and find its way in high accuracy applications. In general, such devices could become interesting for the generation of reference time scales in telecommunications applications, in the ground segment of GNSS and in the ground segment of space science systems in general. 
[bookmark: _Toc223965836][bookmark: _Toc224029702][bookmark: _Toc224030194]3.9.3	Optical frequency standards
A new type of AFS has been intensively investigated for more than 30 years, so-called optical clocks. The status of development can be found in [Ludlow et al., 2015]. They also rely on an atomic transition as a reference, however, not in the microwave range, but in the visible spectral range. The clock oscillator used in these devices is thus a frequency-stabilized laser. By increasing the clock frequency by five orders of magnitude (from approx. 1010 Hz in a Cs AFS to approx. 1015 Hz considerable stability and accuracy gains have been demonstrated. The short-term stability is improved due to the considerably higher number of oscillations per unit of time. Enhanced accuracy is obtained because some of the disturbing external influences on the atom cause a characteristic shift of fixed magnitude which has, however, less influence at the higher frequency of the optical clock than for a clock operating in the microwave range. The field of research is very active; and a variety of atomic references have been proposed and studied. The demonstrated advances triggered considerations towards a redefinition of the second in terms of an optical transition frequency [Riehle et al., 2018]. It would be necessary to identify one “best” candidate and –following good metrological practice– realize a couple of standards and verify that they agree at the expected level. See Chapter 9 for a detailed presentation of the field.
[bookmark: _Toc223965837][bookmark: _Toc224029703][bookmark: _Toc224030195]3.9.4	Applications of advanced frequency standards
At the time of writing in 2025, the use of the advanced AFS presented in §§ 3.9.1 and 3.9.3 is de facto limited to National Metrology Institutes (NMI) and advanced research centres. As mentioned before, a forerunner in timing applications is USNO which included a set of continuously running rubidium atomic fountain clocks in their clock ensemble [Peil et al., 2016; BIPM, 2020]. In other NMIs, such as LNE-SYRTE (France) and PTB (Germany), caesium fountain frequency standards serve as reference for the realization of their local reference time scales, UTC(OP) for France and UTC(PTB), respectively. In the very long term, these time scales are steered to remain close to the international reference UTC (see Chapter 5). The Japanese National Institute of Communications Technologies (NICT) uses an optical frequency standard as intermediate reference for the generation of its time scale UTC (NICT) [Hachisu et al., 2018], and others have shown interest to follow this example [Yao et al., 2018]. Applications in fundamental science have been explained in [Ludlow et al., 2015] and references therein. An up-to-date view on the field is provided in Chapter 9.
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There are many measurement techniques for characterizing the performance of frequency sources. These techniques differ widely in the type of information they provide including the uncertainty and resolution of the data. The techniques can be divided into two broad categories:
1)	methods for characterizing the frequency stability of an oscillator that compare the output of the device under test to a reference source using direct measurements, heterodyne measurements or phase measurements in the time domain;
2)	methods that are based on evaluating the performance of the device by using methods based on a description of the stability in the Fourier domain by using the Power Spectral Density and similar metrics.
The two methods provide different perspectives on the same behaviour, and the choice between them often depends on the application that will use the output of the device, and whether the application is more sensitive to fluctuations in the amplitude of the output signal or to its frequency and phase, which are often determined more by the time of a zero-crossing and are much less sensitive to the amplitude of the output.
[bookmark: _Toc220995385][bookmark: _Toc224029705][bookmark: _Toc224030198]4.1	Frequency measurement techniques
In general, the output of a frequency source is given by:
[bookmark: _Hlk204766824][bookmark: _Ref215568050]			(4-1)
The amplitude is the sum of two contributions: an average value, νo, and a noise contribution, ε, which is a random variable that is specified statistically. The explicit time dependence of the output is specified by the average frequency, νo, and a phase offset, φ, which might be a constant, but is usually a stochastic variable that is specified statistically. The configurations where ε or φ are purely deterministic parameters that specify amplitude or phase modulations respectively are not considered here.
In this first section is considered the case where the statistical behaviour of the output of a frequency source is dominated by the stochastic contribution of the phase term, φ, and the contribution of the amplitude noise, ε, can be ignored or treated as a small perturbation on the output because it is much smaller than νo. This simplification is particularly useful when the frequency source is used as a source of time or time interval because these applications generally use a “tick” that is defined as the instant of time when the output voltage goes through zero with a positive slope. The times defined by these “ticks” are sensitive to the phase noise, but are much less sensitive to ε. The tick is often realized as a pulse, and the leading edge of the pulse specifies the “on time” marker. The width of the pulse and the trailing edge are not used.
In the following discussion, time, is measured in seconds and fractions, and indicates the difference between the corresponding ticks of two clocks and not the more commonly used meaning of the time of either one of them. If the outputs of the two devices are sine-wave voltages rather than ticks, the time difference can also be specified as the fraction of the period of the device considered to provide the reference signal for the measurement. If the nominal frequency of the reference signal is νr, the period is . If the time difference between the two signals is Δt, the phase difference, measured in radians is given by . The phase difference is expressed as the value mod 2π even when the time difference exceeds the period of the reference signal.
The frequency of the device under test is the evolution of the time difference of this device over a specified time interval with respect to the device that provides the reference signals for the measurements. This definition is the ratio of two times and is therefore dimensionless. 
The relationship between the frequency defined in the previous paragraph and the more common oscillation frequency of the physical device can be illustrated by considering the evolution of the time difference between two noiseless oscillators, a reference device whose parameters are identified with the subscript r, and a device under test identified with subscript d.
			(4-2)
			(4-3)
The time intervals between consecutive ticks of the reference device and device under test are  and  respectively, and the time of each clock is incremented by these values on each tick. On each tick, the time difference between the device under test and the reference device changes by:
			(4-4)
The elapsed time for this change is specified by the reference device as 1/νr, the period of the reference device, so that the evolution of the time difference divided by the elapsed time, which is one cycle of the reference, is:
			(4-5)
which is the ratio of two frequencies and is dimensionless. The two frequencies are generally almost the same, so that equation (4-5) can be interpreted as Δν/ν, the fractional frequency offset of the device under test with respect to the reference frequency. The evolution of the time difference between the two devices is a function of this fractional frequency difference, and not on the magnitudes of the physical frequencies of the devices. This fraction is unchanged if both frequencies are scaled by any constant value.
The frequency difference in equation (4-5) is a signed quantity. A positive value implies that the tick of the device under test is occurring earlier than the tick of the reference device. In other words, if the tick of the device under test is already earlier than the reference device, then the difference in time will continue to increase. If the tick of the device under test is later than the tick of the reference device, the difference will decrease and the two ticks will move closer to coincidence.
[bookmark: _Toc220995386][bookmark: _Toc224029706][bookmark: _Toc224030199]4.1.1	Direct measurement of time (phase)
The direct measurement of the time difference between two signals uses a time-interval counter, which reports the time interval, measured by counting the ticks of a reference frequency, between the tick outputs of the two devices as shown in Fig. 10. If the outputs of the two devices are sine-waves, then \the ticks are generated by each device when its output voltage goes through zero with a positive slope. If the outputs of the two devices are pulses, then the tick is the leading edge of the pulse; the width of the pulse and the trailing edge are not used.
With the configuration shown in Fig. 10, the counter report t1 – t2 which is the time interval from a tick from device 1 to the next tick in device 2 (green arrow) and is always positive definite in most hardware configurations. The value of t2 – t1 might be more appropriate in situations when the ticks are assigned specific time values so that the stop pulse occurs before the start pulse with the same time value. It can be measured by interchanging the start and stop connections or by subtracting the value from the period of the signals, which are usually nearly equal.
The start pulse from device 1 and the stop pulse from device 2 do not occur at the same time. If the frequencies of the two oscillators are different, then the time difference between two signals varies systematically, and a correction factor must be applied to the reading of the counter to report the time difference between the two signals referenced to the same instant. If device 1 is considered to be the reference device whose ticks define the time, then the reading of the counter must be adjusted by the factor (ν2 - ν1)/ν1. See equation (4-5).
Figure 10
The time interval t1 – t2 measured by a simple time interval counter and shown by the green arrow
[image: The time interval t1 – t2 measured by a simple time interval counter and shown by the green arrow]
The counter may report an ambiguous value if the two ticks are almost simultaneous, and the ticks from device 2 may have to be delayed if this is a problem. This will happen if the time difference is either almost zero or very close to a full period. This situation is particularly serious when the time difference between the two devices is comparable to the rise times of the leading edges of the ticks or if the leading edges of the pulses have complex structure due to reflections in the cables connecting the counter to the frequency sources.
The value reported by the counter is the number of ticks of the reference signal that are counted between the start and stop signals, and the accuracy of the reference signal affects this value. A simple counter will have an ambiguity of one count of the reference signal, but more sophisticated counters provide some interpolation and can increase the resolution of the measurement by one or two orders of magnitude. The resolution also can be increased by measuring the time difference over longer time intervals. Averaging the time difference in this way is not appropriate if there is a deterministic frequency offset between the two devices, and it may be difficult to interpret and not statistically robust if the statistical properties of the time difference are not white phase noise.
If the frequencies of the two devices are sufficiently different, then the measurement of the time difference may eventually exceed a period of the reference signal, and the reported values will be periodic. The ambiguity associated with this periodicity can be removed by dividing both input frequencies by some integer, which increases the time before roll-over is reached. A common solution is to the divide the input frequencies so that the signals are converted to 1 Hz. The interval between roll-over events can be increased by adding a separate counter that keeps track of the number of roll-over events and adds this count to the reported time difference. The interval between roll-over events will be determined by the dynamic range of this auxiliary counter.
[bookmark: _Toc220995387]4.1.1.1	Estimating the frequency from the time data
The configuration in the previous section can also provide an estimate of the frequency of device 2 with respect to device 1. When the time-difference measurements described in the previous section are repeated at known equally spaced intervals, the frequency difference between the two devices can be estimated by using the evolution of these time differences divided by the interval between them. The measurements at the endpoints of the averaging interval may be affected by noise in the measurement of the time of the end-point ticks. If this noise contribution has a variance σx2, this variance will make a contribution to the variance of the frequency of σy 2 = 2σx2/τ2, where τ is the time interval from the start pulse to the stop pulse. The variance of this frequency estimate can be reduced by increasing the measurement interval, but the contribution of the variance of the frequency will also contribute, and the optimum measurement interval must consider both contributions.
The measurement technique described in the previous paragraph gives equal weight to all the contributions to the evolution of the time difference during the measurement interval, which may include multiple periods of the reference. This type of measurement is often called a “Π counter” as a graphical analogy between the Greek letter and the weighting function. The Π counter reports the average of the time evolution over the measurement interval, and this is appropriate if the time differences are characterized mostly by white phase noise over that averaging time. It will be less useful if the time differences include a significant frequency-noise contribution, and especially if there are significant fluctuations with periods that are multiples or sub-multiples of the measurement interval. The simple average of the time evolution is not optimum in these situations, and more complex averages, such as the “Λ counter” which uses a triangular weighting function, or a “Ω counter” which uses a parabolic weighting function may be more appropriate. These different counters can be implemented in the front-end measurement hardware or in post-processing of the data. The choice of post-processing adds complexity and usually requires a short measurement interval to facilitate the subsequent averaging, but it is more versatile, since the same measurements can be post-processed with all three methods. Ideally, the measurement interval should be short enough so that there are at least two measurements per cycle of the highest Fourier frequency that is of interest. It is often easier to satisfy this requirement with the heterodyne methods described in § 4.1.4.
[bookmark: _Toc220995388][bookmark: _Toc224029707][bookmark: _Toc224030200]4.1.2	Direct measurement of frequency
A time-interval counter can also be configured to measure the frequency of an input signal. In this configuration, the start and stop pulses are generated by an internal oscillator, and the counter measures the number of ticks of the input signal between a start pulse and the next stop pulse. The display shows frequency directly in Hz when the interval between the start and stop pulses is 1 s, but most devices can be configured to use longer measurement intervals and scale the display accordingly so as to show the frequency in Hz.
The resolution of this method depends on the number of counts of the input signal during the measurement time and implicitly assumes that the measurement interval is much longer than the period of the input signal. The measurement technique becomes less useful for measuring very low frequencies because the number of counts is quite small in this case. This weakness can be addressed by using longer measurement intervals or by reversing the functions of the two signals so that the ticks of the reference oscillator are counted and the input signal provides the start and stop pulses. This method measures the period of the input signal instead of its frequency. In many devices, the display is scaled by actual period of the reference oscillator to show the period of the input signal in seconds.
This technique measures the average of the frequency of the input signal over the measurement interval, and this averaging will produce ambiguous results if there are significant fluctuations in the input signal with periods comparable to the measurement interval. This ambiguity will be particularly serious if there are significant fluctuations in the input frequency with periods that have an exact or nearly exact relationship to the measurement interval.
[bookmark: _Toc220995389][bookmark: _Toc224029708][bookmark: _Toc224030201]4.1.3	Heterodyne measurements
In the heterodyne technique, the signal under test with nominal frequency ν is mixed with a reference signal with nominal frequency νo, and the beat frequency, νb = ν – νo is measured. The reference frequency is chosen so that the beat frequency is much lower than the frequency of the device under test, and the frequency resolution is improved by the factor νo/νb. The fluctuations in the frequency (or the phase) of the signal under test are preserved in the heterodyne process and therefore become a much larger fraction of the lower heterodyne frequency. This improves the measurement of time differences.
The beat signal can be obtained by connecting the two signals to a non-linear element such as a double-balanced mixer or by digitizing the input signal and computing the beat frequency digitally by using a digitally constructed reference signal. In either case, the output of the mixing process is the sum and the difference of the signal and reference frequencies, and the difference frequency is extracted by a lowpass filter. The lowpass filter can be constructed by using either analogue or digital methods; the choice between these two implementations depends on how the mixing process was realized. In either case, the design of the lowpass filter is not critical because the sum and difference frequencies are very far apart.
The frequency of the beat signal depends on the absolute value of the difference between the frequency of the input and the frequency of the reference, and additional information is needed to decide whether the input frequency is above or below the frequency of the reference. This ambiguity can be resolved by making a small change to the reference frequency and noting how this change affects the beat frequency. A step in the phase of the reference frequency can provide the same information. The ambiguity can also be resolved by comparing the phase of the beat frequency with the phase of a second beat frequency obtained by mixing the input with the reference signal phase shifted by one-quarter of a period.
The beat frequency is a sine wave in principle if the input signals were sine waves, but the process of constructing the beat frequency usually introduces significant harmonic distortion, which complicates the analysis of the time variation of the beat signal. However, the phase relationships among the harmonics are usually quite stable so that it is straightforward to generate “ticks” from the zero-crossings of the beat signal, which are analogous to the ticks described in previous sections and can be analysed by using the methods described in the previous sections. If the reference signal is not a sine wave, then it will contain harmonics of the fundamental frequency, and it is possible to use the beat frequency between the input signal and one of the harmonics to generate the ticks. The beat frequency with the desired harmonic is extracted by the lowpass filter. This technique is often used when it is difficult to generate the appropriate reference frequency.
An important application of the heterodyne method is to measure a frequency that is too high to be measured by conventional hardware. The heterodyne method translates the signal frequency to a lower value where it can be easily measured, and where the fluctuations in the input frequency can be more easily observed.
This method is routinely used to measure optical frequencies, which are too high to be measured by conventional hardware. An “optical comb” is routinely used for this purpose. The comb consists of a series of optical frequencies that differ in frequency by a much lower frequency, which can be measured by conventional hardware. The beat frequency between the frequency of the optical signal under test and the nearest “frequency tooth” of the comb is measured by conventional hardware, and this beat frequency preserves the statistical characteristics of the optical input.
The beat frequency must be high enough so that the anticipated noise in the signals do not drive the beat frequency through zero. A common configuration is to choose a reference frequency so that the beat frequency is twice as high as the highest Fourier component in the input signal that is of interest.
If the input signal consists of a range of frequencies, there can be two beat signals –one generated by the component of the input below the reference frequency and the second by the component above the reference frequency. The reference frequency is chosen so that only one of these possible frequencies is present in the input. This condition will be satisfied if the beat frequency is greater than one-half of the range of frequencies in the input. If the range of frequencies in the input signal is large enough, this condition will require a beat frequency that may be too high to measure. A second heterodyne process is used in this case to reduce the beat frequency to a lower value that can be measured.
The phase of the beat frequency depends on the phase of the reference signal and the phase shift introduced by the lowpass filter, and these contributions are usually unknown. The heterodyne method is sensitive to changes in the relative phase of the input and reference signals but not to the absolute value of either one of them. It is useful for measuring fluctuations in the time of the input signal, but not the time itself.
[bookmark: _Toc220995390]4.1.3.1	Homodyne measurements
Homodyne measurements measure the characteristics of the beat frequency between two inputs that have the same frequency. The beat signal is the sum of a constant value based on the static phase difference between the two signals and a fluctuating contribution driven by the phase noises of the two devices.
One method of realizing the homodyne configuration is to lock the frequency of the oscillator under test to the reference frequency with a loop filter that has a known transfer function. (The reference frequency can be a lowpassed copy of the signal from the device under test.) The phase noise of the two signals can be computed by combining the output of the homodyne measurements with the transfer function of the loop filter. The loop filter typically has a lowpass transfer function, which reduces the sensitivity of the beat frequency to fluctuations that have a Fourier frequency less than the unity-gain frequency of the loop. These fluctuations can be observed by measuring the feedback signal in the loop rather than the beat frequency output.
[bookmark: _Toc220995391]4.1.3.2	The dual-mixer configuration
The dual-mixer configuration is used to measure the time difference between two oscillators that have nearly the same nominal frequency, ν. Although a heterodyne technique could be used in principle, the beat frequency would be too small to measure in any reasonable time. For example, the fractional frequency difference of atomic clocks is often less than 10−11, so that the period of the beat frequency would be many years.
The frequency of a third, reference oscillator, νr, is adjusted so that the beat frequency between the reference oscillator and the two input signals is a small value –typically of order 10 Hz. This offset frequency is often realized by a frequency synthesizer locked to one of the input oscillators with a frequency offset, but it can also be generated by a purely digital technique that uses a third independent oscillator. The frequency constructed in this way would be compared to one of the input signals, and the digital synthesizer would be programmed to maintain the nominal value for the beat frequency.
The beat frequencies between the synthesized reference frequency and each of the inputs is computed by a dual-mixer as in the heterodyne method. The outputs of the two mixers are passed through lowpass filters to remove the sum frequency component of the mixing process, and the zero-crossings of the two difference frequencies are used to generate ticks. Finally, the time difference between these two ticks is measured by a conventional time interval counter. The phase of the reference frequency is common to both channels and its fluctuations are attenuated in the difference. See Fig. 11.
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Dual mixer system
[image: Dual mixer system]
The time of a measurement is determined by counting the cycles of the oscillator that is used as the reference for the measurement system. The oscillator that drives the offset frequency generator (oscillator 1 in the Figure), is usually used for this purpose. The offset frequency may be used to measure multiple oscillators simultaneously. Each measurement channel would use the same offset frequency, but would have a separate mixer, lowpass filter, and time interval counter.
The offset frequency is offset below the frequency of its reference, so that the phase of the reference signal is retarded in time with respect to both input signals. The phase of the offset frequency comes into quadrature with the reference frequency at some instant, and the mixer/lowpass filter produces a start tick at that instant. The phase of the offset frequency comes into quadrature with the frequency of oscillator 2 at some later time, and that generates the stop pulse for the time interval counter. The time interval counter measures the time difference modulo 1 cycle of the offset frequency and the integer number of cycles that have elapsed since the last measurement are recorded by the separate integer cycle counters.
To illustrate the method, consider two oscillators with frequencies ν1 and ν2 and phases φ1 and φ2. The output signals of the two oscillators are described by equations similar to equation (4-1):
			(4-6)
			(4-7)
The reference frequency is described in the same way. It is usually generated from one of the input frequencies by using a frequency synthesizer that introduces a small frequency offset, but this is not fundamental.
			(4-8)
The two mixers multiply the signals in equations (4-6) and (4-7) with the signal in equation (4-8) and extract the signals at the two difference frequencies, V1d and V2d:
[bookmark: _Hlk204769147]			(4-9)
			(4-10)
The two difference frequencies are  and . The phase differences are  and . The two signals generate ticks when the corresponding argument of the cosine function is (2n + 1.5)π for any integers, n and m:
[bookmark: _Hlk204782374]			(4-11)
			(4-12)
The time difference is 
			(4-13)
The first term on the right side of equation (4-13) is the explicit time dependence of the difference. The second term is the definition of a tick as the time when the output crosses 0 with a positive slope, and the third term is the time difference between the two signals when t = 0. If oscillator 1 provides the reference time for the measurement, in one period of the signal from oscillator 1, the time difference evolves by a factor proportional to
			(4-14)
since the difference in the beat frequencies is the same as the difference in the signal frequencies. Comparing equation (4-14) with equation (4-5) is shows that the initial time difference between the two oscillators has been magnified by ν2/νb2  ν/νb since the frequencies of the two signals are almost the same. For example, if the signal frequencies are 5 MHz and the beat frequency is 10 Hz, the magnification factor is 5  105. The two integer cycle counters record the values of n and m, which will be equal initially, but will slowly diverge. The start and stop pulses that control the time-interval counter occur at different times, and the time difference must be adjusted as in the previous discussion, and this correction must include the difference in the two integer cycle counters. See equation (4-5).
The value of the beat frequency is a compromise. Reducing the beat frequency increases the magnification factor and therefore the resolution of the measurement but also increases the 1/f noise of the mixer. A beat frequency of approximately 10 Hz is often chosen as a good balance between these considerations.
[bookmark: _Toc220995392][bookmark: _Toc224029709][bookmark: _Toc224030202]4.1.4	Measurements of phase noise
In the following sections, is considered the more general case where the fluctuations in the amplitude of the output signal cannot be ignored. The output signal will be affected by both amplitude noise (AM) and phase noise (PM). The output signal in this case is a more general form of 0.1.
			(4-15)
where  is the peak amplitude,  is the carrier frequency,  is the random fractional amplitude, and  is the random phase.  The physical dimension of  is one, and  is an angle, measured in radian[footnoteRef:2]. Figure 12 shows the clock signal as observed with an ideal oscilloscope. In the presence pure AM noise (lower-left side), the peak amplitude fluctuates by a random amount equal to , but the phase is not perturbed. Oppositely, a signal affected by pure PM noise (lower-right side) has fluctuating phase, but the peak amplitude is exactly equal to , with no fluctuations.  Real signals are affected by both AM and PM noise, generally not in the same amount. Modulation theory teaches us that the bandwidth of  and  is strictly limited to . However, in most cases the bandwidth of the system is no more than 1-10 % of . The practical implication is that cycle-to-cycle noise cannot be observed, and it takes several cycles of the carrier for the fluctuations to show up. This is why is needed a dual time base oscilloscope in Fig. 12, to enlarge a small region of the carrier delayed by  after the trigger. [2: 	Strictly speaking, the SI unit of angle has the dimension of one, but it has the name of radian, symbol rad.] 

[bookmark: _Ref214982688]Figure 12
A comparison of the effects of amplitude and phase noise
[image: A comparison of the effects of amplitude and phase noise]
Note to Fig. 12: The blue ovals indicate where the largest fluctuations occur, while the pink arrows point to the stable parameters.
Phase noise is best described in terms of one-sided power spectral density (PSD) of the random phase , denoted with , as a function of the modulation frequency (or Fourier frequency) . The quantity  has the physical dimension time but, owing to the presence of the square angle, the appropriate unit is , or equivalently . It is often expressed in decibels, i.e. , using . The PSD of , denoted with , is used to describe the fractional-amplitude noise. It has the physical dimension of time, and the measurement unit is s, or equivalently .
The PSD is estimated using the Welch algorithm [Welch P.D., 1967]. The one-sided PSD () is:
		
where the hat accent means “estimated” (most readers may ignore it),  is the discrete Fourier transform of  truncated over the time , and the angular parentheses  denote the average on  realizations. The factor 2 is necessary for energy conservation, after deleting the negative frequencies.
For historical reasons, manufacturers prefer expressing phase noise in terms of , defined as:
			(4-16)
generally given in dBc/Hz, i.e. . Of course,  and  express the same physical quantity but for the measurement unit. It follows from equation (4-16) that  makes use of a unit of angle equal to  instead of 1 rad, but no angle associated to  is mentioned in the literature ever. Because  is not an SI quantity, at some point it must be abandoned in favor of .
In our experience there is a lot of confusion with , in part related to the obsolete and wrong definition which most people still have in mind:
			(4-17)
The definition in equation (4-17) suffers from several flaws:
•	It is a conceptually incorrect representation of phase noise because the sideband power originates from any combination of AM and PM noise, not from PM noise alone.
•	It is experimentally incorrect because all commercial phase noise analysers use true phase detectors.  None of them measures the “SSB power”.
•	It fails to describe phase noise at low , where slow phenomena make the phase swing exceed 1 rad2 in 1 Hz bandwidth.
A model which is found useful to describe the phase noise of oscillators and components is the polynomial law, or power law [Barnes JA, (1971), Halford D., (1968)], shown in Fig. 13.
			(4-18)
where the coefficients  are the parameters which describe the corresponding noise process. The powers of  are often called “slope” as  is a straight line in log-log scale. All such processes are found in oscillators, and steeper terms, like  and  are possible. In contrast, two-port devices, like amplifiers, are limited to white and flicker phase noise processes. The difference is that steeper phenomena, like white frequency noise (, , etc.) represent a diverging “time error”, which is seen in oscillators, not in the input-to-output delay of devices. [Rubiola E., 2010] and Boudot R. et al., 2012] provide details on the noise in oscillators and amplifiers.
[bookmark: _Ref205133127]Figure 13
Polynomial law of phase noise
[image: Polynomial law of phase noise]
Figure 14 shows an example of phase noise PSD (10 GHz DRO). From the right-hand to the left, white phase noise, white frequency noise, and a large flicker-frequency noise region are found. Flicker of phase is not visible (this is typical of microwave oscillators), and the transition between flicker and random walk frequency noise is visible at a few Hz frequency.











[bookmark: _Ref205189852]Figure 14
Example of phase noise spectrum, with polynomial law and artefacts marked on the plot
[image: Example of phase noise spectrum, with polynomial law and artefacts marked on the plot]
Note to Fig. 14: The oscillator is a Synergy Microwave GSDRO100, 10 GHz output frequency with a dielectric resonator inside, measured with a Rohde Schwarz FSWP-26 phase noise analyser. The small spurs at 30 Hz, 600 Hz, and 450 kHz are likely due to residual interferences in the power lines. The increased slope below 20 Hz reveals the transition from white FM noise to FM random walk at lower frequencies, which is a typical behaviour of oscillators. The jump at 1 MHz is clearly an artefact of the analyser. Its origin is ascribed to a change in frequency resolution and number of average spectra. The origin of the bump at 1-100 kHz is not understood. Measurement done by [Y. Gruson and E. Rubiola, 2025].
[bookmark: _Toc220995393]4.1.4.1	Basic measurement methods and techniques
[bookmark: _Toc223967065][bookmark: _Toc224029710]A)	Absolute (oscillator) and differential (added noise) measurements
[bookmark: _Ref206964987]Figure 15 (A) shows the absolute measurement of the phase of a device under test (DUT) with respect to a reference device. The phase noise detector is still unspecified, the signal  is either analogue or digital, and  is the calibration factor that relates output voltage to the phase difference. It is assumed that the noise of the reference is negligible compared to the DUT noise.  Alternatively, two equal oscillators can be compared, and it is assumed that each contributes half the phase noise measured. Figure 15 (B) shows the measurement of a two-port device as the difference between output and input phase. Manufacturers often refers to this measurement as “added noise”. The oscillator is common mode, and its noise cancels. However, it is necessary that the DUT delay is small relative to the period of the fluctuations of the reference oscillator. When this is not the case, the oscillator noise will affect the output because the delay de-correlates the two signal branches from the oscillator.



[bookmark: _Ref205190964]Figure 15
Basic methods for the measurement of phase noise
[image: Basic methods for the measurement of phase noise]
There is an alternate use of the differential scheme of Fig. 15 (B), where a reference delay  is inserted in lieu of the DUT, with the purpose of measuring the auto-correlation of the oscillator’s phase noise. The delay unit can be a delay line (e.g. an optical fibre, a cable, a SAW device) or a resonator. The equations are given in [Volyanskiy et al., Section 2C, 2008]. Interchanging the role of resonator and delay, frequency stability of a resonator (the delay unit) can be measured using a more stable oscillator as the reference. When a sufficiently stable oscillator is not available, two equal resonators can be inserted in the “DUT” and “REF” place of Figure 15 (B) to reject the oscillator noise [Rubiola et al., 2000]. When the two-resonator configuration is used, the output is a measurement of the total noise, and the contribution of each cannot be separated.
[bookmark: _Toc223967066][bookmark: _Toc224029711]B)	The saturated-mixer phase detector
The principle is shown in Fig. 16. A double balanced mixer (DBM) saturated at both inputs by signals in quadrature converts the phase  into a voltage . The mixer is followed by a low-pass filter, a low-noise amplifier (LNA), an analogue-to-digital converter (ADC), and digital hardware and software, which calculates the average fast Fourier transform (FFT). The filter removes the  signal at the mixer output and creates a path for the current at  in the mixer internal diodes. The conversion coefficient  is typically 100-500 mV/rad, depending on the mixer technology and on the signal power. The frequency range is limited by the mixer. Mixers are available in the whole RF/microwave spectrum, from < 1 MHz to 50 GHz and beyond. The reader interested in understanding mixers can refer to the tutorial [Rubiola, E., 2006].
[bookmark: _Ref205211719]Figure 16
Principle of the double-balanced-mixer technique
[image: Principle of the double-balanced-mixer technique]
The mixer requires that the two inputs are at the same frequency and in quadrature. This comes at the cost of having a reference oscillator at the same frequency of the DUT or introducing a frequency synthesizer. In absolute measurements, the quadrature condition is achieved by phase-locking the reference to the DUT. The appropriate control bandwidth is long enough to enable the measurement of the error signal , and short enough to keep the quadrature condition within 0.1-0.2 rad. Conversely, the quadrature condition in differential measurements needs a variable phase shifter or a line stretcher.
Experience suggests that the background white noise is limited by the LNA, and that the mixer’s noise is lower. At room temperature, the noise of best amplifiers is of 1.2-1.5 , including the thermal 0.9  noise of the  input load. For example, with 200 mV/rad conversion coefficient and  amplifier noise, the background is 6.2, thus  (this is the  coefficient of the polynomial law in equation (4-18)), i.e. . The flicker phase noise background (the  coefficient) is generally limited by the mixer, depending on technology and frequency range. For reference, the flicker can be −120 to −130 dBrad2 for a microwave mixer in favourable conditions, and −130 to −140 dBrad2 for a RF mixer, degrading if the power is lower than optimum.
[bookmark: _Toc223967067][bookmark: _Toc224029712]C)	Direct digitization of the RF signal
The principle is shown in Fig. 17. The input and reference signals are digitized and down converted to DC by multiplication with reference signals from a numerically controlled oscillator (NCO). Phase and amplitude are extracted from the I-Q data stream with the CORDIC algorithm (See Reference [Meher et al., 2009] for a review). Acquisition, NCO, I-Q detection, and possibly the CORDIC algorithm, require the processing speed of a FPGA.
A question arises: why not simplify the scheme by feeding one ADC with the reference signal, and removing the other ADC? The reasons are: (i) low-noise, high-speed ADCs need a clock frequency in a specific range, which may not match the available reference frequency, (ii) it is necessary that the instrument adapt itself to the input frequency with appropriate choice of the sampling frequency, in order to avoid the dark zone around the Nyquist, and (iii) the use of odd sampling frequencies, instead of round values like 100 or 125 MHz, helps managing the spurs.
[bookmark: _Ref205315746][bookmark: _Ref205315643]Figure 17
Principle of the direct digitization technique
[image: Principle of the direct digitization technique]
The digital phase detector has two main advantages over the saturated DBM.
•	The I-Q detection and the CORDIC algorithm enable to extract  in a wide range, even millions of cycles, only limited by the computing hardware. So, there is no need of phase lock in absolute measurements nor of a variable phase shifter in differential measurements.
•	The NCO.
•	The presence of two separate NCOs enables the measurement of oscillators at different frequencies, for example 100 MHz input vs. 10 MHz reference.
Frequency range and noise are limited by the ADC technology and sampling frequency. Albeit ADCs are available to  GHz, practical implementations prefer ≈ 100 MHz clock frequency, exploiting multiple Nyquist zones to achieve a typical 200 MHz maximum input frequency. For reference, the noise of an ADC at low input frequency (10 MHz) can be −100 to −105 dBrad2 flicker, plus −150 to −160 dBrad2/Hz white.
[bookmark: _Toc220995394]4.1.4.2	More about the architecture of commercial instruments
Virtually all the commercial instruments make use of a dual channel scheme, where two equal branches are used to measure the measure simultaneously the same DUT. Because DUT and reference oscillators are separated devices, and the phase detectors as well, it is sound to assume that their noise is statistically independent. By contrast, the DUT is common to the two branches, thus it is fully correlated, and captured by the statistical process. Thus, a correlation and averaging algorithm can reduce the background noise by a factor , where  is the number of averaged spectra.






[bookmark: _Ref206963940]Figure 18
Saturated-mixer dual-channel phase noise analyser
[image: Saturated-mixer dual-channel phase noise analyser]
Figure 18 shows a saturated-mixer instrument based on this idea. Because a general-purpose instrument is expected to measure oscillators at arbitrary frequencies, two frequency synthesizers are inserted between the reference oscillators (generally, OCXOs) and the mixer. The oscillators are phase-locked to the input for the reasons, and with the criteria explained in § 4.1.4.1-b. Figure 18 can be easily modified to implement differential measurements (Fig. 15). In this case the PLLs are open, one synthesizer (or an external oscillator) is used as the common-mode oscillator, and two variable phase shifters (line stretchers) are needed to ensure the quadrature condition. Instruments of this type are manufactured by Arcale (acquired NoiseXT), Berkeley Nucleonics Corp., Keysight (it has its own instruments, and recently acquired Anapico), Maury Microwaves (acquired Holzworth), and Quantic Wenzel.






[bookmark: _Ref206963953]Figure 19
Direct-digitization dual-channel phase noise analyser
[image: Direct-digitization dual-channel phase noise analyser]
The direct-digitization version of the dual-channel instrument, shown in Fig. 19, is a straightforward application of Fig. 17 in the dual-channel configuration. Instruments of this type are produced by Arcale (NoiseXT) and Microchip. They are limited to 200 MHz maximum input frequency.
Rohde Schwarz produces phase noise analysers working up to 50 GHz input frequency. This is achieved with microwave down conversion before digitization and numerical processing. The internal architecture [Feldhaus G et al., 2016] differs from that shown before.
After the heuristic reasoning, the mathematics of the single-channel noise rejection is explained. A more detailed treatise is available in [Rubiola E. et al., 2010]. 
Referring to Fig. 18 or Fig. 19, the signals at the input of the FFT analyser, and their Fourier transforms (uppercase), are:
[bookmark: _Toc223967068][bookmark: _Toc224029713]			(4-19)
			(4-20)
The trivial gain of the system is implied.  The quantity  is the random phase of the oscillator under test, with no additional terms, while the random phases  and  account for the instrument noise (e.g. references, amplifiers, mixers, ADCs). It is sound to assume that ,  and  are statistically independent because they come from separate hardware. Their Fourier transforms are statistically independent as well. Only  appears in both  and . The cross PSD is given by:
			(4-21)
where  is the measurement time, the superscript “” stands for complex conjugate, and the factor “2” fixes the scale factor from the two-sided Fourier transform into to the one-sided PSD. Letting the frequency  implied for simpler notation, the above formula is expanded as:
			(4-22)
The dual-channel FFT analyser measures the cross spectrum  averaged on  data records of  and  acquired simultaneously over a time interval :
			(4-23)
Thanks to the statistical independence mentioned, the cross terms ,  and  converge to zero for large , and there remains only . In conclusion, the estimated phase noise is:
			(4-24)
The measurement process takes a time , not counting housekeeping (dead time for data transfer, calculations, etc.). Of course, for finite , the terms ,  and  are not completely averaged out and set the measurement limit.
The estimation is a powerful concept because the simple average is not the one and only option, and other estimators can be considered. It is worth mentioning that  is a real and positive quantity because  is obviously real and positive. By contrast, the Fourier transform is a complex quantity, thus ,  and  are complex, and consequently is complex. The background noise is equally split between real part and imaginary part. Therefore, equation (4-24) can be replaced with the real-part estimator:
			(4-25)
This results in higher sensitivity because the unnecessary part of the background noise is removed, at no cost in terms of hardware and computation complexity. A problem with equation (4-25) is that negative values are incompatible with the logarithmic scale (), thus they must be removed. This results in a measurement bias (over-estimation of ). It can be proved that equation (4-25) is the optimum estimator for white noise, that is, the estimator that converges to  with the lowest , or equivalently in the shortest measurement time.  The background noise is:
			(4-26)
Because the background is equally split between  and  and the useful signal goes in , the imaginary part  is a useful estimator of the background noise.
Sadly, most instruments use the absolute-value estimator:
			(4-27)
The drawbacks of equation (4-27) are that (i) it takes four-fold longer measurement time for the same rejection of the background noise of equation (4-25) because of the noise in the imaginary part, (ii) it is biased, because the average converges from positive values, and (iii) it hides negative, nonsensical outcomes. The latter point is critical in the case of low-noise oscillators, where the cross spectrum may contain large regions of negative values.  This is discussed in [Nelson et al., 2024; Gruson et al., 2020].
[bookmark: _Toc220995396][bookmark: _Toc224029714][bookmark: _Toc224030203]4.2	Measurement techniques for transmission and reception links
[bookmark: _Toc220995397][bookmark: _Toc223967070][bookmark: _Toc224029715]Introduction
This subchapter focuses on measurement methods applied to the transmission medium itself –specifically, radio and optical links– where propagation effects, modulation schemes, and signal processing techniques determine overall accuracy and robustness.
Two principal approaches are examined. The first concerns software-defined radio (SDR) techniques applied to two-way satellite time and frequency transfer (TWSTFT) and related time metrology applications, where flexible, programmable architectures enable improved signal analysis and calibration. The second explores optical-fibre-based measurement techniques, addressing time and frequency transfer through amplitude, coherent, and heterodyne detection methods. Together, these methodologies illustrate how advanced digital signal processing and optical technologies are extending the limits of precision in transmission–reception metrology.
[bookmark: _Toc220995398][bookmark: _Toc224029716][bookmark: _Toc224030204]4.2.1	Software-Defined Radio measurements in time metrology
This section describes the principle and applications of software-defined radio (SDR) digital signal processing (DSP) for time metrology.
[bookmark: _Toc160698869][bookmark: _Toc220995399]4.2.1.1	Software-defined radio principle
Software-Defined Radio (SDR) signal processing aims at implementing as much signal processing of radio frequency signals in the digital, discrete-time and discretized signal, domain [Report ITU-R SM.2152 (2009)]. The ideal SDR receiver implementation would sample, using radio frequency grade Analogue to Digital Converters (ADCs), the radio frequency band at a rate of at least twice the highest useful spectral component. This approach is often impractical because radio frequency grade ADCs lack resolution and hence dynamic range when detecting a weak signal next to a strong interference source, but most significantly samples a wide area of the spectrum that might not contain useful information for a given application. Hence, a common trade-off of SDR is to first convert the radio signal to baseband by using an analogue Local Oscillator (LO) and a mixer and then sampling the signal close to baseband. A typical approach is to convert from radio frequency band to baseband by using In-Phase and in-Quadrature (IQ) detectors in which a second copy of the LO, shifted by 90° is used to create the I and Q components matching the complex number representation. However, the analogue implementation of the IQ mixer is plagued by imperfections such as IQ imbalance in which the gains of I and Q channels are not equal and the phase between I and Q is not exactly 90°. Hence, a benefit of the SDR approach is to consider an intermediate step where the radio frequency band is brought close to baseband but at an Intermediate Frequency (IF) sufficiently high compared to the maximum bandwidth of interest using a single (real) mixer, sampling the signal sufficiently fast (at least twice the IF plus the useful bandwidth) and then performing the complex transposition in the digital domain. Indeed, by multiplying the real samples with  and  with fIF the intermediate frequency, fs the sampling frequency and n ∈ ℕ the sample index, the resulting I and Q components exhibit ideally equal gain and quadrature component without requiring additional compensation. This technique, used for example in the frequency transposition of the Sentinel-1 C‑band spaceborne Radio frequency Detection And Ranging (RADAR) [Piantanida et al., 2019], will benefit to metrological application by avoiding the unwanted amplitude to phase conversion of mixers with the associated imperfections when analysing the spectral characteristics of a Device Under Test (DUT) (Fig. 20).
[bookmark: _Ref214990486]Figure 20
Software-defined radio receiver architectures
[image: ]
Note to Fig. 20: 
Left: The ideal SDR receiver implementation sampling the raw radio frequency signal, at the expense of limited dynamic range and the risk of hiding a weak signal (green arrow) in the strong background noise (purple arrow) within the sampled frequency band (blue). 
Middle: the practical implementation of SDR using an analogue transposition from radio frequency band to baseband followed by an IQ detector mixing with the LO and its quadrature copy to feed a dual channel ADC clocked at the sampling frequency fs, plagued by IQ imbalance issues. 
Right: the preferred SDR approach where a single mixer transposes the radio frequency signal by fLO, generating an even spectrum; and the sampled signal is digitally transposed (red) to baseband by shifting by the additional IF fIF with the signal image removed by low-pass filtering as shown. 
All charts represent power P as a function of frequency f.
In an emitter context, the same strategy aims at reducing the number of analogue components in the transmitter chain, by feeding the Digital to Analog Converter (DAC) output to the antenna, possibly with a frequency mixer to transpose the baseband signal to radio frequency band. However, the unwanted spectral components will be radiated in the analogue domain. Hence, care must be taken to properly oversample and filter or remove the unwanted spectral components in the analogue domain.
Thus, the benefits of SDR, especially for Time and Frequency applications, include:
•	Stability: A digital algorithm does not drift over time and is perfectly reproducible from one digital setup to another, without requiring the fine tuning of analogue parameters that would be needed when duplicating analogue measurement setups.
•	Flexibility: The measurement parameters and feedback control are dynamically updated based on measurement results (e.g. Kalman filtering). Additionally, data logging and remote control are naturally included in networked computers. These are common requirements for long-term metrological monitoring.
•	Reconfigurability: A single hardware board can be used for multiple applications, such as time and frequency transfer or phase-noise characterization.
However, the SDR also comes with some drawbacks:
•	The stability of the sampling system is only as good as the LO clocking the ADCs and the jitter of the track and hold. Once the signal has been digitized, all subsequent processing is asynchronous digital processing but the stability of the analogue to digital conversion timing will define the metrological quality of the sampled signals.
•	Limited dynamic range due to the discrete levels of the ADC. An ADC with N-bit resolution provides at most 6 × N dB dynamic range between the weakest and strongest signal that can be digitized. In practical applications, the Effective Number of Bits (ENOB), which is usually less than the number of bits in the device will define this dynamic range.
•	Limited bandwidth: Although digital systems can be clocked at hundreds of MHz or even GHz, each signal processing operation requires multiple cycles so that decimation is needed for complex operations, and only a few MHz loop bandwidths will be available for closed loop control. Hence, the benefit of an SDR is more significant in the long term, for applications that require only low feedback loop bandwidth, or where analogue drifts must be removed to support stable digital processing. The SDR is less useful in a high-feedback loop-bandwidth where analogue processing remains dominant. Analogue processing can reach microwave frequencies when using acoustic or dielectric signal processing components.
SDR processing combines a hardware platform with rapid data transfer to the host computer. Digital signal processing (DSP) frameworks, based on High Performance Computing (HPC) benefit from the parallelization of executed instructions (Single Instruction/ Multiple Data – SIMD). Digital signal processing accepts the raw IQ stream and represents the characteristics of the radio frequency signal including Forward Error Correction (FEC) and hardware imperfection correction algorithms, such as a Costas loop for frequency correction, and a symbol synchronization for clock correction). It is a challenge to maintain this complex set of software, which includes drivers and signal processing code. The maintenance task is complicated because the code includes many dependencies and relies on multiple libraries. The time spent on software maintenance is significantly greater than the time spent developing applications and novel algorithms for Time and Frequency (TF) metrology.
[bookmark: _Toc160187048][bookmark: _Toc160187327][bookmark: _Toc160204903][bookmark: _Toc160205753][bookmark: _Toc160257996][bookmark: _Toc160258909][bookmark: _Toc160274991][bookmark: _Toc160283531][bookmark: _Toc160698870][bookmark: _Toc220995400]4.2.1.2	Software-defined radio techniques applied to the TF field
Software-Defined Radio provides the long-term stability of digital signal processing and the accuracy of the IQ digital demodulation at the expense of bandwidth and dynamic range. Furthermore, the digital implementation is well suited for distributed processing in which multiple emitters or receivers are synchronized with delay compensation of the communication link between them. White Rabbit is one high stability implementation of TF distribution over a digital network and is being incorporated in some SDR frameworks[footnoteRef:3]. Most time transfer schemes, starting with Global Positioning System (GPS) are based on spectrum spreading using pseudo-random sequences. The Linear Feedback Shift Register (LFSR) implementation of the pseudo-random sequence generators is perfectly suited to digital software implementation (Fig. 21 (A)). Just as the Pulse Repetition Interval (PRI), T, defines the range ambiguity in RADAR systems, the code length divided by the decimation factor defines the unambiguous timing capability (Fig. 21 (B)). For example, a 10 000-chip long code running at 2.5 MS/s leads to a PRI of T = 4 ms, which is much less than the ground to geo-stationary satellite two-way trip of about 260 ms, making the ranging measurement ambiguous. [3:  	http://kb.ettus.com Using Ethernet-Based Synchronization on the USRP%E2%84%A2N3xx Devices.] 











[bookmark: _Ref160202736]Figure 21
Software-defined radio implementation of a spread-spectrum time transfer system
[image: Software-defined radio implementation of a spread-spectrum time transfer system]
Note to Fig. 21: (A) SDR emitter principle implemented as a GNU Radio Companion flowchart, with the generation of a maximum-length Galois Linear Feedback Shift Register (GLFSR), here configured with a 12-bit shift register for generating a 4 095-chip long code. Time of flight measurement with subsampling period resolution is demonstrated by spreading energy with adjacent samples in the low-pass filter before decimating: the single sample time delay introduced before decimation leads to sub-sampling period delay after the correlation computer as complex-conjugate product of the Fourier transforms of the reference and delayed-measurement signals. Despite the cross-correlation not being implemented as a GNU Radio block, the inverse Fourier transform of the complex conjugate products of the Fourier transforms of the reference and delayed signals is used. The Fourier transforms require converting the continuous streams to vectors for performing the integration. All these mathematical properties are readily implemented with the associated GNU Radio blocks as shown in (A). In (B), the asymmetric shape of the correlation is fitted with a polynomial function for fine identification of the cross-correlation peak position. In that case, the computation is performed offline as post-processing of the recorded IQ streams. In this demonstration, 4 095/3 = 1 365 samples after decimation by the low-pass filter broadcast at 2 MS/s led to a PRI of T = 682.5 µs as seen on the X-axis of the right chart as the delay between successive correlation peaks.
It may not be possible to use digital techniques for collecting and analysing timing information to generate a physical signal representing the original TF information that can be shared between SDR platforms. Just as the ADC timing determines all subsequent sample timestamps during asynchronous post-processing, generating a timing signal requires the same clock that was used to sample the input signals.
One major benefit of using an SDR to record signals is that the recordings can be used for post-processing and assessing the performance of various algorithms on the same datasets. However, the size of the datasets generated by SDR can become significant and can challenge the communication bandwidth to mass storage media. As an example, consider sampling the global navigation satellite system (GNSS) L1 band at 2 MS/s. If the resulting complex quantities are stored as 8-bit integers on two channels for direction of arrival analysis or anti-spoofing/anti-jamming processing, the file size is 2 × 2 × 2 = 8 MB/s or 480 MB/min or 28.8 GB/h. The post-processing with the assumption that each sample timestamp is given by the sample index multiplied with the sampling period, requires that not a single sample is lost during the acquisition. This is challenging for a general-purpose multitasking operating system, and requires that the SDR acquisition software either runs with highest priority to avoid being pre-empted by lower priority processes, or that it runs within the real-time extension framework of the operating system. In either configuration, it will always be limited by hardware transfer bandwidth. The 2 MS/s is a conservative estimate for the legacy GPS L1 C/A code and will quickly increase with more complex modulations schemes and broader spectra as used in other GNSS frequency bands.
[bookmark: _Toc160698871][bookmark: _Toc220995401]4.2.1.2	Use of SDR in TF applications
The identification of harmful interference to time transfer, the capacity to generate physical signals after digitization of the collected data (1 Pulse Per Second (PPS) output), the flexible and robust digital alternative to analogue modems, which can improve two-way TF transfers, and a technology well suited to synchronizing computer networks, are a few examples covered in this section.
[bookmark: _Toc160187052][bookmark: _Toc160187331][bookmark: _Toc160204907][bookmark: _Toc160205757][bookmark: _Toc160258000][bookmark: _Toc160258913][bookmark: _Toc160274995][bookmark: _Toc160283535][bookmark: _Toc160698872][bookmark: _Toc223967072][bookmark: _Toc224029717]A)	SDR in Global navigation satellite system
Global navigation satellite systems are one of the most widely used means for TF dissemination. The digital communication scheme that uses Code Division Multiple Access (CDMA) for time transfer from Medium Earth Orbiting (MEO) satellites (20 000 km) makes the system prone to spoofing and jamming attacks [Uhrich et al., 2019]. Such denial of service or malicious information injection is made even easier with the advent of SDR and the reconfigurable hardware compatible with sub‑2 GHz GNSS L‑bands. Timing information can be degraded   with no detectable impact on the position solution by adjusting the clock tuning parameters in the navigation messages generated by the spoofing source. A SDR with access to raw IQ information collected from two antennas receiving the same signal, is ideally suited to determine the angle of arrival of the jamming or spoofing source and combining the data from the two antennas to cancel interfering signals emitted from that direction. The technique is an implementation of a Controlled Radiation Pattern Antenna (CRPA).
As an illustration of a SDR framework, GNU Radio is an opensource set of libraries that can be scheduled from a Python script and can process synthetic or real signal collected from hardware interfaces. The flowchart for processing GNSS signals and for identifying satellites by using Doppler-code maps to identify satellites in the acquisition phase is illustrated in Fig. 22. It is designed with GNU Radio Companion, the graphical interface generating the Python script. In this example, the classical loop over the frequency offset that compensates for the offset of the LO and for Doppler shifts are manually handled with a slider, and potential satellite code sequences are run in parallel. The code cross-correlation is implemented in the frequency domain for efficiency since the Fast Fourier Transform, FFT, reduces the computation load of cross-correlating the code sequence pi(t) representing satellite i with the noisy received signal s(t) as xcorr(s, pi)(τ) = iFFT(FFT(s) · FFT∗(pi)) for time offset τ. The magnitude of the step of the frequency offset is set to a value much smaller than the inverse of the chip period of 1 ms and is typically 10 to 100 Hz. The frequency range must include the Doppler shift of ±5 kHz induced by the satellite motion as well as the LO offset, which depends on the SDR receiver quality.
This flowchart might be used as an introduction to the gnss-sdr framework [Fernàndez-Prades et al., 2011] implementing the full GNSS analysis chain, from acquisition to tracking and Position-Velocity-Time (PVT) solution extraction. Since gnss-sdr products include the time offsets between the LO and GNSS oscillators, the resulting information can be used to steer the clock driving the ADC timestamping each new recorded sample and hence correct for LO fluctuations.
[bookmark: _Ref160202818]Figure 22
GNU Radio Companion flowchart for processing GPS L1 records by correlating with various Gold codes and identifying which satellite is visible with which Doppler shift
[image: GNU Radio Companion flowchart for processing GPS L1 records by correlating with various Gold codes and identifying which satellite is visible with which Doppler shift]
Note to Fig. 22: In this example the correlation between two Gold codes are computed, resulting in negligible correlation when two different codes are used and a sharp correlation peak with a width equal to the sampling period when running the same code on both File Sources. If one of the File Sources is replaced with a real signal record, e.g. the file 3genuine_69dB_11h15_1 on https://iqengine.org → GNU Radio SigMF Repo → Space folder, an additional frequency shift for manually compensating for Doppler shift and LO offset must be introduced with the Xlating FIR Filter block of GNU Radio. Notice how the iqengine.org hold both the data file and a meta file complying with the SigMF standard for describing the data organization and format.
Since GNSS signal decoding to extract PVT information involves multiple processing layers to convert the radio frequency signal to a useful information, starting from an existing opensource software makes it easy to add missing functionalities. For example, CRPA: gnss‑sdr by CTTC (Centre Tecnològic de Telecomunicacions de Catalunya) in Spain implements all GNSS bands and constellation signal analysis, and also provides a rigorous framework based on GNU Radio to provide an extensible framework for adding custom processing features [Feng et al., 2021].
SDR is suited for collected radio frequency signals and generating an IQ data stream. Once the IQ streams have been generated at the output of the ADC, the generation of a hardware output signal from these data might be desirable. As a demonstration of this principle, the expected output of a GNSS receiver is an accurate 10 MHz continuous wave and a 1 PPS timing signal that is steered by the GNSS disciplined oscillator. The gnss-sdr outputs the time difference between the local clock determined by the ADC sampling time and the GNSS constellation clock, and this information is used to steer the same clock used by the ADC to run a counter to generate the 1 PPS output. Since the ADC is most often triggered by a Field Programmable Gate Array (FPGA) running reconfigurable hardware, the use of opensource gateware allows for adding the 1 PPS generation functionality to produce a physical signal as output of the SDR processing [Rabus et al., 2021].
[bookmark: _Toc160698873][bookmark: _Toc223967073][bookmark: _Toc224029718]B)	SDR in two-way satellite time and frequency transfer
Two-Way Satellite Time and Frequency Transfer (TWSTFT) is a long-range technique using a geostationary satellite for comparing remote clocks by exchanging orthogonal messages in a two-way protocol and recovering the time of flight [Recommendation ITU-R TF.1153-4 (08/2015)]. Although the satellite moves around its parking position at a rate of up to a few m/s, so that the time of flight varies by a few ns/s the contribution of the satellite motion is cancelled in the TWSTFT double-difference comparison [ITU-R Handbook on Satellite Time and Frequency Transfer and Dissemination (2010)] if the two signals broadcast from the two remote sites reach the satellite at close enough time. Sub‑nanosecond comparisons can be realized by synchronizing the two remote stations to sub-100 ms uncertainty, e.g. using computer Network Time Protocol (NTP) synchronization.
TWSTFT is a primary technique for the generation of Coordinated Universal Time (UTC). About 20 timing laboratories around the world continuously operate TWSTFT links for remote time and frequency comparisons. The use of SDR receivers in TWSTFT ground stations (SDR TWSTFT) has been shown to have significantly reduced both diurnal and noise measurements [Huang et al., 2016, Jiang et al., 2018]. 
The successful experience with SDR technology for receivers in time metrology has opened the way to build a complete autonomous system based on an SDR emission-reception platform. Doing so would be consistent with a recommendation of the CCTF in 2021 [CCTF Recommendation on TWSTFT (2021)]. A fully SDR implementation of the emitter and receiver signal processing is described in [https://github.com/oscimp/amaranth_twstft] where spectrum spreading is achieved with pseudo-random number generator sequences, selected as orthogonal to identify each emitter at each receiver site. Oversampling the cross-correlation peak allows for improving the timing resolution from the sampling rate of 5 MS/s defined by the satellite channel bandwidth: the improvement factor is determined by the Signal to Noise Ratio (SNR) and allows reaching sub-nanosecond timing resolution and uncertainty. A post-processing approach is selected to avoid the limitations of inadequate computational power for real time calculation. Each record is post-processed to sequentially identify as many emitters as needed to recover the satellite velocity, the time of flight and possibly drift rate. The resulting information is shared over a computer network for TWSTFT calculation. The loopback time difference is measured between the sites and is used to remove the contribution of the communication channel to the delay.
As an example of such a measurement result, TWSTFT measurements were made over a period of three and a half weeks by using SDR emitter and receiver platforms developed in France by LNE-OP (formerly LNE-SYRTE) and LNE-LTFB. There were two 5-min measurement sessions during each odd UTC hour. The initial results were slightly better than those obtained with commercial analogue modems, as shown in Fig. 23. This validates the developments obtained in the laboratory, as well as their robustness [Achkar et al., 2024; Friedt et al., 2024]. The next objective is to work on improving the performance, including implementing Delay Locked Loop (DLL) and Phase Locked Loop (PLL) tracking.
[bookmark: _Ref160202946]Figure 23
Evolution of time differences (left) and corresponding frequency instabilities (right) of the two-way link OP-LTFB equipped with SATRE modems and SDR emitter-receiver platforms over a 3.5-week measurement
[image: Evolution of time differences (left) and corresponding frequency instabilities (right) of the two-way link OP-LTFB equipped with SATRE modems and SDR emitter-receiver platforms over a 3.5-week measurement]
Note to Fig. 23: The “all SDR” measurement includes all SDR measurements at beginning and end of odd UTC hours, “ITU SDR” only uses 2-min records once every odd UTC hour similar to SATRE schedules. Note that the links (left) are not calibrated and that offsets (+7 134 ns for SATRE link and −47 ns for SDR link) have been applied in order to facilitate the comparison of the different plots.
[bookmark: _Toc160187058][bookmark: _Toc160187337][bookmark: _Toc160204913][bookmark: _Toc160205763][bookmark: _Toc160258006][bookmark: _Toc160258919][bookmark: _Toc160275001][bookmark: _Toc160283541][bookmark: _Toc160698874][bookmark: _Toc223967074][bookmark: _Toc224029719]C)	Distributed SDR synchronization
SDR emitters and receivers are controlled by digital hardware that is well suited for synchronization over computer networks. One protocol relevant to time and frequency applications is PTPv2/White Rabbit where two-way messages are shared over fibre networks for compensating for the communication delays, similar in principle to TWSTFT. Thus, spatially separated SDR sources and sinks become coherent, allowing for direction of arrival in distributed RADAR systems or pattern detection using cross-correlation in Very Large Baseline Interferometry (VLBI) applications [Boven et al., 2019; Hedekvist et al., 2022].
DSP can benefit from upper Nyquist zone analysis by using intentional aliasing to remove analogue components that would otherwise be needed to convert the relevant frequencies to baseband. This is desirable since analogue components can be a source of drift and additive noise including phase to amplitude noise conversion [Matusko et al., 2023].
[bookmark: _Toc160698875][bookmark: _Toc220995402][bookmark: _Toc223967075][bookmark: _Toc224029720]Conclusion
In this section was discussed the software-defined radio digital signal processing for time metrology, emphasizing the benefits of stability, flexibility and reconfigurability. The principle of SDR, its advantages and drawbacks for the time and frequency area are described. Concrete applications of SDR to time metrology are detailed. Finally, a few examples on the use of SDR in time and frequency applications are provided. Relevant references in the covered field supported this contribution.
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[bookmark: _Toc220995405][bookmark: _Toc224029723][bookmark: _Toc224030207]4.2.2	Optical fibre links: measurement methods
[bookmark: background]The choice of detection methods in optical communication systems is linked to the way information is emitted. Different modulation formats impose different requirements on the receiver, and understanding this relationship is fundamental to evaluating the strengths and weaknesses of each detection scheme. In this subchapter is provided a progressive overview of the main detection techniques in fibre-optic communication applied to time and frequency transfer, beginning with a short reminder of the key background concepts that underpin signal propagation in optical fibres. This serves as a foundation for discussing how modulation and detection are intertwined in time and frequency transfer.
First, the amplitude detection is examined, the simplest and most widely deployed and commercialized approach, which relies on intensity modulation of the optical carrier. Then are examined coherent detection techniques, which have become the standard for high-capacity data transmission over long-haul optical links but are still under active investigation for time and frequency transfer. Finally, heterodyne methods are discussed, which are particularly relevant in the context of ultra-precise frequency transfer and time-frequency metrology.
[bookmark: _Toc220995406]4.2.2.1	Background
[bookmark: _Toc223967077][bookmark: _Toc224029724][bookmark: X0b36c2f2442d1e4b0045f11ce560a03bbe093da]A)	Wave propagation, phase and group velocities
[bookmark: X3c2efebac54a69505adff006d8ab0525a99fb15]Consider a monochromatic spectral component of an optical wave propagating along the  direction. A local (quasi-)monochromatic waveform can be written as . where  is the angular frequency,  is the propagation constant and  is the waveform shape in the appropriate argument.
The phase velocity  and the group velocity  are defined as:
			(4-28)
			(4-29)
To describe dispersion effects for a band of frequencies around a carrier  it is useful to Taylor-expand  about :
			(4-30)
with the commonly used coefficients
			(4-31)
			(4-32)
			(4-33)
The leading effect of GVD on a narrow band pulse of spectral width  propagating a distance  is a temporal broadening approximately given by:
			(4-34)
[bookmark: _Toc223967078][bookmark: _Toc224029725]B)	Relation between  and the dispersion parameter 
[bookmark: Xbf941995b7bed201433cd1f464c938d236a172c]Telecom literature frequently uses the chromatic-dispersion parameter  in units of ps/(nm·km) [Agrawal, 2021; Senior, 2008; Kaminow and Li, 2002; Rijckenberg et al., 2007]. The two quantities are related by:
			(4-35)
with .
[bookmark: tab:chromatic_dispersion]Table 14 provides typical values for CD parameters:
[bookmark: _Ref215043056]Table 14
Typical chromatic-dispersion values for SMF-28e fibre [ITU-T]; [Senior, 2008]; [Corning Incorporated].; [Optokon, a.s.]. The exact dispersion at 1 310 nm depends on the fibre’s zero-dispersion wavelength .
The zero-dispersion region is typically  near 1 285-1 330 nm)
	Wavelength
(nm)
	Chromatic dispersion 
(ps/(nmkm))

	1 310
	~ 0

	1 550
	~ 17-18


[bookmark: _Toc223967079][bookmark: _Toc224029726][bookmark: historical-note]Historical note
Long-haul optical links were once routinely equipped with dispersion compensation fibre (DCF) spools for chromatic dispersion compensation. With the development of coherent detection and digital signal processing, such passive compensation has been removed from backbone systems.
[bookmark: _Toc223967080][bookmark: _Toc224029727]B)	Polarization mode dispersion (PMD)
Optical fibres exhibit slight birefringence, meaning that the refractive index differs – by approximately  – between two orthogonal polarization axes of the electric field. As a result, in addition to chromatic dispersion, polarization mode dispersion (PMD) must also be considered when evaluating link performance. Polarization mode dispersion is characterized by the PMD coefficient  in ps/. The corresponding differential group delay (DGD) is:
			(4-36)
Early monomode fibres (manufactured in 1980s-1990s) often had PMD coefficients as high as 0.5 ps/, and, even after improvements, 0.2 ps/ was common. At the time, process control on core geometry, residual stress, and cabling was less sophisticated. Since the late 1990s, better MCVD/PCVD fabrication, improved tension control during draw, and optimized coating/cabling techniques have brought typical values for modern low-PMD fibres down to 0.04-0.06 ps/. Standards such as ITU-T G.652.D and G.655 now specify PMD  ps/ as a worst-case, but most manufacturers routinely deliver much better (0.05 ps/).
Table 15 summarizes representative values of the PMD coefficient for modern standard optical fibres.
[bookmark: _Ref215043874]Table 15
Typical PMD values for SMF-28e fibre [ITU-T]; [ Senior, 2008]; [Corning Incorporated]
	[bookmark: tab:polarization_mode_dispersion]Wavelength
(nm)
	PMD 
(ps/)

	1 310
	0.04-0.06

	1 550
	0.05-0.07


[bookmark: _Toc223967081][bookmark: _Toc224029728]B)	How dispersion couples with laser frequency noise and modulation bandwidth
Chromatic dispersion alone simply makes different frequency components travel at different group velocities. Two practical mechanisms make this important for system performance:
•	Laser frequency fluctuations: if the optical carrier frequency  fluctuates (instantaneous deviation ), the propagation constant seen by the field changes by
		
	The accumulated phase at the receiver over distance  therefore contains terms proportional to  and . Practically, this means laser frequency noise is converted into phase and timing fluctuations at the receiver; the conversion strength scales with the dispersion coefficients (mainly , ) and with link length . In other words, dispersion converts frequency noise into phase / timing / amplitude fluctuations.
•	Modulation (signal) bandwidth: a modulated signal occupies a finite spectral width . Because group delay varies with frequency (via  and higher-order terms), different spectral components of the modulated waveform acquire different delays. The result is intersymbol distortion (pulse broadening and overlap) that increases with ,  and distance . Thus, for a given fibre and length, higher data rates (larger signal bandwidth) cannot be supported unless dispersion is compensated or equalized.
In optical fibre links, the choice of detection technique is intrinsically linked to both the transmission distance and the target data rate, since these parameters determine the relative impact of dispersion, noise, and sensitivity limits. Chromatic dispersion imposes a fundamental trade-off between the achievable data rate (or modulation bandwidth) and the transmission distance, since both larger spectral widths  and longer fibre lengths  increase the distortion. In addition, laser frequency noise becomes a critical factor in time-frequency metrology and in applications requiring ultra-low phase or timing noise, since dispersion converts carrier-frequency fluctuations directly into arrival-time and phase errors at the receiver. These conversion mechanisms emphasize the need for dispersion management techniques, or alternatively coherent detection combined with DSP.
[bookmark: _Toc220995407][bookmark: time-delay-demodulation-in-fiber-links]4.2.2.2	Time-delay demodulation in fibre links
[bookmark: fig:rf-vs-time_filtering]An essential aspect of optical fibre links, often overlooked in simplified treatments, is that the fibre itself acts as a delay line demodulator. Any optical field propagating along the link accumulates a phase proportional to its travel time, and spurious reflections or Rayleigh back scattering cause additional delayed replicas of the transmitted signal to be superimposed at the receiver. As a consequence, the detected signal contains not only the intended contribution from the nominal propagation path, but also interference terms from delayed copies of the field.
Figure 24
Schematic representation of fibre-link demodulation
[bookmark: fig:FiberDelayDemodulation][image: Schematic representation of fibre-link demodulation]
Note to Fig. 24: Light propagating through the fibre undergoes multiple paths due to back scattering and reflections. At the photodetector, the superposition of delayed replicas of the optical field results in interference, which manifests as frequency mixing in the case of frequency transfer and as temporal distortions in time transfer.
For a monochromatic source of angular frequency , the electric field at the output of the link of length  is, in its simplest form,
			(4-37)
If, however, part of the optical field is back-scattered or reflected from an intermediate point along the fibre, it will reach the detector with an additional time delay . The resulting detected intensity at the photodiode is therefore:
			(4-38)
which expands to:
			(4-39)
The last term illustrates the fundamental demodulation mechanism: a delayed replica of the signal mixes with the direct field, creating beat notes whose spectral content depends on the distribution of delays  across the link.
If multiple back-scattered or reflected components are present along the link, each located at a different point  with an associated delay  and complex amplitude  (including both attenuation and any local optical gain), the total detected intensity becomes:
			(4-40)
Expanding this expression gives:
		(4-41)
The cross terms  represent the beating between the main signal and each delayed replica, while the  terms describe beating among delayed components themselves. Because  incorporates both propagation losses and any optical gain (e.g. from bidirectional amplifiers), the relative strength of these contributions varies along the link. The resulting interference produces a complex spectral signature in frequency-transfer measurements and a correspondingly intricate temporal response in time-transfer experiments.
In frequency transfer, this manifests as a complex radio-frequency (RF) spectrum at the photodiode output, with side-bands corresponding to the beating between the main carrier and delayed replicas. Narrow-band RF filtering is typically used to isolate the desired heterodyne beat associated with the full round-trip signal.
In time transfer, the same principle results in multiple transitions in the detected waveform. Spurious reflections or scattering introduce secondary steps, temporally shifted with respect to the main rising edge. In this case, the challenge is to identify the genuine arrival time of the pulse, which requires time-domain filtering around the expected transition region.
These delay-induced demodulation effects highlight why careful link engineering is necessary: stray reflections, connectors, or insufficient isolation at components can severely distort both the frequency-domain spectrum and the time-domain response. The phenomenon is intrinsic to fibre-based TF transfer, and understanding it provides the key to interpreting both complex beat spectra and distorted timing traces.
[bookmark: _Ref215002959]Figure 25
Illustration of the two filtering strategies for time or frequency transfer detection methods: 
Frequency transfer (narrow-band carrier analysis, continuous signal, no time selection) and 
time transfer (broadband edge detection, pulse signal, no frequency selection)
[image: Illustration of the two filtering strategies for time or frequency transfer detection methods: 
Frequency transfer (narrow-band carrier analysis, continuous signal, no time selection) and 
time transfer (broadband edge detection, pulse signal, no frequency selection)
]
[bookmark: _Toc223967082][bookmark: _Toc224029729][bookmark: X466bf9ad3a1f50194fdf4eac0de3b3a9eed6578]A)	Distinction between time transfer and frequency transfer
While the same opto-electronic conversion chain can be employed for both time transfer and frequency transfer, the requirements at the signal-processing stage differ fundamentally (see Fig. 26).
[bookmark: _Ref215002906]Figure 26
Schematic comparison between frequency transfer (narrow-band carrier analysis) and 
time transfer (broadband edge detection)
[bookmark: fig:rf-vs-time][image: Schematic comparison between frequency transfer (narrow-band carrier analysis) and 
time transfer (broadband edge detection)
]
For frequency transfer, the quantity of interest is a well-defined carrier tone (typically in the MHz or GHz range). Accordingly, the photo-detected signal is passed through a narrow band filter centred on the carrier frequency, which suppresses noise outside the useful band and maximizes signal-to-noise ratio (see Fig. 25). The signal is continuous and there is no time selection, and no dead-time. In this case, the quality of transfer is primarily determined by the stability of the carrier phase and the rejection of out-of-band perturbations.
In contrast, time transfer relies on detecting the precise timing of sharp transitions in the received signal. Here, the fastest possible rise time is required, implying that the detection chain must preserve a wide electrical bandwidth. Instead of frequency-domain filtering, the emphasis is on time-domain processing: the signal is analysed over a carefully selected time span around the expected transition (see Fig. 25). The signal is pulsed, and there is no frequency selection. Such methods allow extraction of the timing information with high precision but also place stringent requirements on the front-end electronics and overall system bandwidth.
Time transfer methods, especially those relying on digital edge detection, require careful processing to achieve high precision. In particular, deglitching is often necessary to remove outliers or spurious events that could degrade synchronization performance. A prime example of such advanced processing is found in the White Rabbit (WR) technology [Lipinski et al., 2010].
It is important to highlight here the fundamental relationship between time and frequency transfer. Frequency information can be recovered from a time transfer by differentiating the timing edges to obtain the successive time intervals, corresponding to the period of the time base. Conversely, integrating the transferred frequency yields a time error rather than an absolute time value, since the integration constant remains unknown. Any interruption in the frequency transfer introduces a new, undefined offset in the time position. In this sense, time transfer provides a more complete and self-contained reference, whereas frequency transfer alone cannot unambiguously establish absolute time without additional information.
[bookmark: _Toc223967083][bookmark: _Toc224029730][bookmark: analog-vs.-digital-detection-methods]B)	Analogue versus digital detection methods
In fibre-based time and frequency transfer, the detection of the transmitted signal can be implemented using either analogue or digital techniques. Both approaches are compatible with time transfer and frequency transfer, but they differ fundamentally in the way the signal is processed and in the aspects of the signal they exploit.
[bookmark: _Toc223967084][bookmark: _Toc224029731]C)	Analogue methods
Analogue methods operate on the continuous waveform of the optical or electrical signal. For frequency transfer, analogue detection typically involves narrow-band filtering of a continuous-wave (CW) signal, where phase or frequency fluctuations are directly measured. For time transfer, analogue detection can be performed on pulsed signals by extracting the temporal envelope, often requiring high-bandwidth detection but without discrete event processing.
[bookmark: _Toc223967085][bookmark: _Toc224029732]D)	Digital methods
Digital methods, by contrast, rely on the identification of discrete signal events –primarily the edges or transitions of the waveform. In time transfer applications, digital techniques effectively perform time-of-arrival detection of pulses, while in frequency transfer they may track phase increments via successive edge events. Because edges carry broadband information, digital detection can be seen as inherently broadband, aligning these methods with the family of time-detection techniques, even when the ultimate goal is frequency transfer. This perspective emphasizes that digital techniques are fundamentally tied to temporal resolution rather than narrow-band spectral filtering.
[bookmark: _Toc223967086][bookmark: _Toc224029733]E)	Front-end electronics
Once the optical field is converted into an electrical signal by the photodiode, several approaches are possible for further processing. The most straightforward case is direct detection, already described in § 4.1.2, where the photocurrent is directly related to the incident optical power (see equation (4-18)). Alternatively, heterodyne methods (see § 4.1.3) can be employed, where the received optical field is mixed with a local oscillator laser. In this case, the intermediate frequency (IF) signal produced at the output of the photodiode retains the amplitude and phase information of the received field,
			(4-42)
enabling highly sensitive measurements of frequency and phase deviations. A further possibility, relevant in the context of precise timing, is to use dual-mixer time measurement systems – either in analogue or digital form (see § 4.1.3.2) – which provide sub-nanosecond resolution in time stamping and delay evaluation.
[bookmark: digital-methods]In all cases, the output of the photodiode must be conditioned by suitable front-end electronics. A trans-impedance amplifier (TIA) is typically used to convert the weak photocurrent into a usable voltage signal while providing the required bandwidth. Depending on the application, the front end may also include low-noise amplification stages, equalization, or specialized circuitry optimized for high dynamic range. The design of this electronic front end has a direct impact on the achievable sensitivity, linearity, and ultimately the stability of the time or frequency transfer.
[bookmark: _Toc220995408][bookmark: amplitude-detection][bookmark: sec:amplitude]4.2.2.3	Amplitude detection
[bookmark: _Toc223967087][bookmark: _Toc224029734][bookmark: principle-of-operation]A)	Principle of operation
This is the simplest optical detection technique: the optical carrier is directly detected in intensity. The drive current of the laser diode is modulated, typically using an On-Off Keying (OOK) format.
Photons incident on a photodiode generates a photocurrent proportional to the incident optical power. Let the optical power be:
			(4-43)
where  is the average optical power,  is the modulation index, and  is the normalized data signal (e.g.  or 0/1).
The photocurrent is then:
			(4-44)
where  is the photodiode responsivity in A/W. Since the optical power is proportional to the square of the optical field , the detected signal follows:
[bookmark: _Ref215061635]			(4-45)
[bookmark: _Toc223967088][bookmark: _Toc224029735][bookmark: X7b1f32f0bf9f158b65363755da6d56d79352316]B)	Common modulation formats (digital methods)
The simplest form is NRZ (Non-Return-to-Zero), where the signal remains constant during the bit period and changes only between bits. Other formats include RZ (Return-to-Zero), where the signal returns to zero between bits. This implies shorter duty cycle, a better timing recovery but also a broader spectral occupancy. Manchester coding and multi-level amplitude modulation offer various trade-offs in spectral efficiency and detection complexity. A wide variety of modulation formats has been developed. For a comprehensive review, interested readers may refer to specialized literature [Kaminow and Li, 2002; Senior, 2008].
In the case of analogue transmission, the most common formats are sine-wave and square-wave modulation. The essential distinction with respect to digital techniques lies in the continuity of the modulation waveform: in analogue schemes the signal is continuous in time, whereas in digital communication the modulation is structured by coding schemes (e.g. 8b/10b) and embedded within a protocol framework.
[bookmark: _Toc223967089][bookmark: _Toc224029736][bookmark: X41eba2d2bab20ad042cf83a56c7123d5bbcaf24]C)	Amplitude-modulation TF transfer in practice
[bookmark: main-limitations]Such amplitude modulation methods are convenient for time transfer and RF frequency transfer. A variety of engineering solutions implement time and frequency transfer over optical fibre using intensity (amplitude) modulation on the physical layer. Among commercially available solutions, notable examples include Ethernet-based White Rabbit (WR) multi-point networks, point-to-point time/frequency transfer over fibre links, and bidirectional point-to-point Wavelength Division Multiplexing (WDM) approaches (see § 6.3.2.5).
Table 16 summarizes representative offerings and reported performance for RF transfer at short averaging time (Allan deviation at  s), together with the stated or typical fibre reach. These AM/IM schemes encompass both digital implementations (e.g. WR, see § 6.3.2.5) and analogue intensity-modulated links (e.g. ELSTAB, see § 6.4.1). The various implementation details and architectures are discussed more extensively in Chapter 6. Here, the intent is not to provide an exhaustive survey but rather to illustrate typical performance ranges available from current technologies. The reported ranges correspond to links without optical amplification. When amplification is employed, and depending on the link architecture, the achievable distance can exceed 500 km.
[bookmark: _Ref215044390]Table 16
Representative AM/IM-based time/frequency transfer solutions over fibre
	[bookmark: tab:am-tf-products]Product
	1-s stability 
	Range [km]
(no amplifiers)

	(1) White Rabbit [Włostowski 2011]; [Tour et al., 2017]; [Dierikx et al., 2016] [Kaur, 2017]
	<~ 10
	~ 10-120

	(2) TimeTech OFC 10568/10569 [TimeTech GmbH 2015]
	12
	5

	(3) TimeLink Micro TMO3000 [TimeLink Microsystems 2023]
	100
	50

	(4) Linear Photonics / MACOM
	
	

	TimeLink DL [MACOM / Linear Photonics 2023]
	< 0.8
	25

	(5) ELSTAB  [Krehlik et al., 2016] [PIKTime Systems 2024]
	< 3
	60-100


Note to Table 16: “1 s stability” is the Allan deviation (ADEV) at  s of the relative frequency stability of the transferred signal. Ranges are as stated or typically achievable per the referenced documentation (single span, per hop, without optical amplification). Principles: (1) Ethernet medium with physical layer1 syntonization + PTP, intensity on fibre, 10 MHz / 1 PPS. (2) Analogue IM link, 10 MHz / 1 PPS. (3) Digital/analogue time and RF (SFP-based). (4) Analogue Time-over-fibre (RF or PPS). (5) 10 MHz and 1-PPS, bi-directional fibre noise cancellation.

[bookmark: _Toc223967090][bookmark: _Toc224029737]D)	Main limitations
[bookmark: _Toc223967091][bookmark: _Toc224029738][bookmark: range-limitations][bookmark: chromatic-dispersion]Range limitations
A first limitation to be considered is the achievable range of intensity-modulated direct-detection systems. The detected photocurrent is proportional to the square of the received optical field (see equation (4-46)). As a consequence, the link attenuation is effectively squared, which in logarithmic units corresponds to a doubling of the loss in dB when compared to heterodyne methods (see § 4.2.2.5). In practice, the minimum detectable optical power depends not only on the transimpedance amplifier (TIA) performance but also on the photodiode technology. For standard PIN photodiodes with typical TIAs, detection thresholds are in the range of −40 to −30 dBm. Avalanche photodiodes, which provide internal gain, are commonly employed in long-reach SFP modules. Devices marketed with the “EX” (extended-range) designation can extend the optical reach from approximately 40 km to 80 km, and, in optimized configurations, up to about 160 km. This scaling imposes stringent constraints on the maximum transmission distance between hops, both for analogue and for digital modulation formats, as the fundamental power penalty cannot be mitigated by coding or digital signal processing. Consequently, the achievable range and link budget are determined by the available optical power, the receiver sensitivity, and the overall optical link budget, which must balance transmission losses against the attainable optical gain.
[bookmark: _Toc223967092][bookmark: _Toc224029739][bookmark: ampm-conversion]AM–PM conversion
In time-frequency metrology, amplitude fluctuations in the detected signal are partially converted into phase fluctuations, causing instabilities and biases. A simple expression for the induced phase variation is:
			(4-46)
where  is the AM-PM conversion coefficient in radians per unit relative amplitude.
A practical difficulty is that AM-PM is Device- and operating-point dependent. AM-PM conversion depends strongly on photodiode type, bias, temperature, optical spot position, wavelength, and photocurrent. Many devices show nulls (zero crossings) and sharp peaks as photocurrent changes, so any values are only representative [Williams et al., 2008]; [Li et al., 2012]. In Table 17 is include the approximate photocurrent (see equation (4-45)) assuming a typical responsivity at 1 550 nm R = 0.8 A/W.
[bookmark: _Ref215053800]Table 17
Representative ranges of AM-PM conversion coefficient  (rad per fractional optical power change) for PIN (InGaAs) and GaAs photodiodes. Photocurrent estimated with 
	[bookmark: tab:ampm_examples]Input power
	Optical power
	Photocurrent
	PIN (InGaAs)
	GaAs / fast PDs

	(dBm)
	(mW)
	nA
	 (rad per )
	 (rad per )

	−40
	10−4
	80
	0.01-0.1
	0.02-0.2

	−30
	10−3
	800
	0.01-0.2
	0.02-0.3

	−20
	10−2
	8.0 × 103
	0.02-0.4
	0.03-0.6

	−10
	10−1
	8.0 × 104
	0.05-1.0
	0.1-1.5

	0
	1.0
	8.0 × 105
	0.1-2.0
	0.2-3.0


[bookmark: X88384bd00fdfef737f732c5854eeb950e5f9d30]
[bookmark: _Toc223967093][bookmark: _Toc224029740]Limited modulation depth and dynamic range
The modulation index  is constrained by both the linearity of the laser and the photo-detector. Excessive modulation () can drive the laser or detection front-end into a nonlinear regime, generating harmonic distortion and intermodulation products that degrade the fidelity of the transmitted signal. Such distortions can broaden the spectrum, introduce spurious frequency components, and complicate subsequent filtering or demodulation. Conversely, choosing too small a modulation index () reduces the amplitude of the modulated signal relative to the noise floor, thereby lowering the signal-to-noise ratio (SNR). In practice, for analogue optical links, modulation indices in the approximate range of  are often used to balance linearity and SNR while minimizing distortion. The optimal value depends on the specific laser, TIA, and photodiode characteristics, as well as the required dynamic range and link budget.
[bookmark: _Toc223967094][bookmark: _Toc224029741]Chromatic dispersion
Chromatic dispersion causes a frequency-dependent group delay, distorting the signal.
To evaluate the effect, following [Weiershausen and Schneiders, 2011], the approximate relationship between maximum achievable bit rate  and fibre length  is:
			(4-47)
where  is the dispersion coefficient in ps/(nmkm) and  is the source spectral width.
In practice, time and frequency transfer links with digital encoding use 1.25 GBs/s or less data rate. Time and frequency transfer links with Analogue modulation use 5-100 MHz.
Direct detection is low-cost, robust, and ideally suited for short and medium-haul links. It remains a dominant technique for local time and frequency dissemination, with fractional-frequency instabilities as low as a few parts in  at 1-second averaging.
[bookmark: _Toc220995409][bookmark: coherent-telecom-techniques][bookmark: sec:coherent]4.2.2.4	Coherent telecom techniques
[bookmark: _Toc223967095][bookmark: _Toc224029742][bookmark: principle-of-coherent-detection]A)	Principle of coherent detection
In contrast to amplitude-modulation detection, where information is retrieved from the intensity of the received optical field, coherent techniques rely on mixing the incoming signal with a local oscillator (LO). This allows access not only to the amplitude of the optical field but also to its phase and frequency. In this sense, the detection is “coherent” since the phase relationship between the signal and the LO is preserved. A convenient framework to describe coherent transmission is the in-phase (I) and quadrature (Q) representation of the field:
		
where  is the carrier frequency, and  and  are the baseband modulating signals. By detecting both quadratures, coherent systems can exploit amplitude, phase, frequency, and even polarization degrees of freedom.
[bookmark: _Toc223967096][bookmark: _Toc224029743][bookmark: modulation-formats]B)	Modulation formats
[bookmark: overview-of-common-modulation-formats]Similar to non-coherent systems, coherent communication may employ amplitude, frequency, or phase modulation. However, with access to both quadratures, coherent systems can implement richer modulation formats. Figure 27Figure illustrates three of the most commonly used modulation formats.
[bookmark: _Ref220859579]Figure 27
Constellation diagrams for common coherent modulation formats
(a) BPSK with two symbols along the -axis, (b) QPSK with four quadrature points, (c) 16-QAM with a 4×4 grid
[bookmark: fig:constellation_formats][image: Constellation diagrams for common coherent modulation formats
(a) BPSK with two symbols along the I-axis, (b) QPSK with four quadrature points, (c) 16-QAM with a 4×4 grid
]
[bookmark: _Toc223967097][bookmark: _Toc224029744][bookmark: binary-phase-shift-keying.]Binary phase-shift keying
The simplest phase modulation format is Binary Phase Shift Keying (BPSK), where the carrier phase is shifted between two states (0 and ) to encode a binary symbol:
		
with  representing the transmitted bit.
[bookmark: _Toc223967098][bookmark: _Toc224029745][bookmark: quadrature-phase-shift-keying-qpsk.]Quadrature phase-shift keying (QPSK)
By modulating both quadratures independently, one can encode two bits per symbol using four phase states separated by .
[bookmark: _Toc223967099][bookmark: _Toc224029746][bookmark: quadrature-amplitude-modulation-qam.]Quadrature amplitude modulation (QAM)
In QAM, both the amplitude and phase of the carrier are modulated. A symbol corresponds to a point in the - plane, and higher-order constellations such as 16-QAM, 64-QAM, or 256-QAM allow encoding multiple bits per symbol. These formats achieve higher spectral efficiency at the cost of increased sensitivity to noise and phase errors.
[bookmark: _Toc223967100][bookmark: _Toc224029747]Overview of common modulation formats
Table 18 summarizes the most common coherent modulation formats used in fibre-optic communications and their typical achievable data rates in modern systems.
[bookmark: _Ref215044912]Table 18
Common coherent modulation formats and indicative achievable data rates (per channel)
	[bookmark: tab:mod_formats]Modulation format
	Bits per symbol
	Typical data rates

	BPSK
	1
	Up to 100 Gb/s

	QPSK
	2
	100-200 Gb/s

	8-QAM
	3
	200-400 Gb/s

	16-QAM
	4
	400 Gb/s - 1 Tb/s

	64-QAM
	6
	Beyond 1 Tb/s (lab demonstrations)



These values are indicative and depend on channel spacing, symbol rate, forward error correction (FEC) overhead, and the transmission distance. For detailed discussion, see [Winzer et al., 2018]; [Agrell et al., 2016].
[bookmark: _Toc223967101][bookmark: _Toc224029748][bookmark: coherent-detection-architecture]C)	Coherent detection architecture
[bookmark: fig:sketch_coherent_RX_TX]Many coherent detection schemes have been proposed in the literature, reflecting the diversity of approaches to exploiting amplitude, phase, frequency, and polarization of the optical carrier. A comprehensive review of these methods is given in [Ip et al., 2008] which summarizes the principal approaches and their relative merits. Among these, the configuration that has become standard in modern optical communications is the coherent transceiver for polarization-division multiplexed (PDM) systems, employing advanced vector modulation formats and DSP techniques. A representative architecture is illustrated in Fig. 28 [Faruk and Savory, 2017].
At the transmitter, two independent data streams corresponding to the x- and y-polarizations are first processed by the DSP. This processing may include encoding, modulation, precompensation for linear and nonlinear transmission impairments, and pulse-shaping filtering. The digitally processed signals are then converted to analogue form using four digital-to-analogue converters (DACs), representing the in-phase (I) and quadrature (Q) components for each polarization. These analogue signals drive two IQ modulators (IQMs), which are fed by a single laser source split through a polarization beam splitter (PBS). The outputs of the IQMs are subsequently combined with a polarization beam combiner (PBC) and launched into the optical fibre.
At the receiver, a phase- and polarization-diversity front-end maps the incoming optical signal into four electrical signals corresponding to the I and Q components of each polarization (x and y). This is achieved using two PBSs and a pair of 90 degrees optical hybrids, followed by balanced photodetection, yielding:
			(4-48)
where  and  denote the dual-polarization electric fields of the received signal,  is the local oscillator field, and  and  represent the real and imaginary components, respectively.
The detected signals are amplified using transimpedance amplifiers (TIAs) before digitization by analogue-to-digital converters (ADCs) for further DSP-based recovery.
[bookmark: _Ref215003492]Figure 28
Configuration of DSP-based coherent transceiver from [Faruk and Savory, 2017]
[image: Configuration of DSP-based coherent transceiver from [Faruk and Savory, 2017]]
	Legends to Fig. 28:
	

	DAC: digital-to-analogue converter
PBS: polarization beam splitter
LO: local oscillator
ADC: analogue-to-digital converter
	IQM: IQ modulator
PBC: polarization beam combiner
TIA: trans-impedance amplifier
DSP: digital signal processing


[bookmark: _Toc223967102][bookmark: _Toc224029749][bookmark: X0faaa135293b90dfdcdc8fdb36859ec62b545f5]D)	Coherent-modulation time and frequency transfer in practice
While intensity modulation has been widely utilized for time and frequency transfer over optical fibres, coherent modulation techniques may offer enhanced performance, particularly in terms of spectral efficiency and noise resilience. These methods leverage phase and quadrature components of the optical field, enabling more precise control and measurement of time and frequency signals. To date, coherent modulation formats have been less explored for time and frequency transfer and remain largely in the research domain.
In practical implementations, coherent modulation schemes often employ Mach-Zehnder modulators (MZMs) to encode time and frequency information onto optical carriers. For instance, dual-drive MZMs can facilitate quadrature amplitude modulation (QAM), allowing for the transmission of multiple bits per symbol, thereby increasing the data rate and improving the signal-to-noise ratio (SNR) over long distances. This approach is particularly beneficial in urban environments where fibre links are subject to various noise sources [Li et al., 2019].
An example of such an application is the work developed in [Lu et al., 2021], which demonstrates fibre-optic time-frequency transfer in gigabit Ethernet networks over urban fibre links. Their system utilizes coherent detection techniques to achieve high-precision synchronization across multiple nodes.
Another notable example is the sub-ps stability time transfer method based on optical modems, using analogue signal imprinted by an electro-optic modulator [Frank et al., 2018]. This method employs simple BPSK modulation format and coherent homodyne detection to achieve sub-picosecond timing stability.
Beyond these examples, the integration of optical frequency combs has further advanced coherent modulation techniques. Optical frequency combs generate a series of equally spaced frequency lines, which can be used as a reference for time and frequency transfer. When combined with high-order modulation formats like 256-QAM, these systems can achieve ultra-high data rates and precise synchronization over optical fibres (Ali et al., 2025).
[bookmark: _Toc223967103][bookmark: _Toc224029750][bookmark: limitations-of-coherent-techniques]E)	Limitations of coherent techniques
[bookmark: _Toc223967104][bookmark: _Toc224029751][bookmark: fiber-non-linearities.][bookmark: four-wave-mixing.]Coherent systems face several challenges:
[bookmark: _Toc223967105][bookmark: _Toc224029752][bookmark: laser-linewidth.]Laser linewidth
A critical limitation arises from the finite linewidth of practical lasers. The linewidth determines the phase noise of the optical carrier, which directly affects phase-modulated formats such as QPSK and higher-order QAM. The phase error variance is proportional to the product of the laser linewidth  and the symbol duration :
		
As the modulation format order increases, the constellation points become more densely packed in the - plane, making the system more sensitive to phase noise. For quadrature phase-shift keying (QPSK), linewidths on the order of a few MHz are typically tolerable. However, advanced formats such as 16-QAM require linewidths below 100 kHz, and for 64-QAM or beyond, even narrower linewidths (down to tens of kHz) are necessary. Narrow-linewidth external-cavity lasers or integrated cavity designs are therefore essential for high-order coherent systems.
[bookmark: _Toc223967106][bookmark: _Toc224029753][bookmark: polarization-mode-dispersion-pmd.]Polarization mode dispersion (PMD)
Single-mode fibres are not perfectly isotropic: slight asymmetries and environmental fluctuations cause the two polarization modes to propagate at different group velocities. This effect, known as polarization mode dispersion, results in pulse broadening and depolarization of the signal. PMD is typically quantified by the differential group delay (DGD), denoted , which grows with the square root of the fibre length:
		
where  is the PMD coefficient (typically – ps for modern fibres) and  is the transmission length in km. While PMD can be partially compensated using digital signal processing, it remains a limiting factor for very high symbol rates and long-haul links.
[bookmark: _Toc223967107][bookmark: _Toc224029754][bookmark: X4a22effb3116654dd2c584099a1f01a4aa05b07]Digital signal processing (DSP) complexity
Coherent receivers rely on powerful DSP algorithms to perform carrier recovery, polarization demultiplexing, and equalization of chromatic dispersion and PMD. While DSP enables remarkable flexibility and resilience, its implementation requires very high-speed electronics.
While these algorithms enhance system performance, they introduce complexities in time and frequency transfer applications, as they introduce timing jitter, which arises from factors such as sampling clock jitter, algorithmic delay, and Phase-Locked Loop (PLL) dynamics (Faruk and Savory, 2017). Recent reports show less than 1 ps skew error for a 1 200-km 32-GBd DP-16QAM optical transmission experiment [Diniz et al., 2016]. In addition to jitter, DSP algorithms introduce processing delays, that may fluctuate and therefore can affect the accuracy of the transferred signals. For instance, in multi-channel or networked DSP platforms, computational resources are shared. High processing loads or dynamic reallocation of resources (e.g. due to varying traffic) can modulate latency, adding a data-flux-dependent jitter component.
To the best of our knowledge the impact on time jitter and time offset in time-transfer applications has not yet been thoroughly investigated or consistently reported in the literature.
[bookmark: _Toc223967108][bookmark: _Toc224029755]Fibre non linearities
At high optical powers, the fibre refractive index exhibits nonlinear behaviour through the Kerr effect. This leads to self-phase modulation (SPM), cross-phase modulation (XPM), and four-wave mixing (FWM). In coherent systems, these effects distort both amplitude and phase, creating inter-channel interference in wavelength-division multiplexed (WDM) systems. The severity of nonlinear impairments increases with optical power and transmission distance. The following formulas provide the basis for quantifying the impact of fibre nonlinearities on time and frequency transfer.
[bookmark: _Toc223967109][bookmark: _Toc224029756][bookmark: self-phase-modulation-spm.]Self-phase modulation (SPM)
Self-phase modulation induces a nonlinear phase shift in the transmitted signal, causing a frequency chirp. It can lead to frequency inaccuracy and timing jitter. The instantaneous frequency shift  for a Gaussian pulse is given by:
			(4-49)
where  is the fibre length,  is the nonlinear refractive index,  is the peak intensity,  is the wavelength, and  is the pulse duration.
[bookmark: _Toc223967110][bookmark: _Toc224029757][bookmark: cross-phase-modulation-xpm.]Cross-phase modulation (XPM)
Cross-phase modulation occurs when the intensity of one channel modulates the phase of another, leading to inter-channel interference. The induced phase shift  between two channels is:
			(4-50)
where  is the nonlinear coefficient,  is the fibre length, and  and  are the powers of the signal and pump channels, respectively.
[bookmark: _Toc223967111][bookmark: _Toc224029758]Four-wave mixing (FWM)
Four-wave mixing is a third-order nonlinear process in which three optical waves at frequencies , , and  interact to generate a fourth wave at frequency :
			(4-51)
Four-wave mixing generates new spectral components through nonlinear interactions between different frequency components. The efficiency of FWM depends on the fibre’s nonlinear properties, power levels, and phase matching. For continuous-wave signals, the generated idler power  at fibre length  can be expressed as:
			(4-52)
where  are the powers of the interacting waves, and  is the generated idler power,   
is the fibre nonlinear coefficient,  is the effective interaction length, accounting for fibre loss ,  is the phase mismatch, with  the propagation constant at frequency , and  represents the reduction in FWM efficiency due to phase mismatch. Perfect phase matching () maximizes FWM efficiency, while dispersion-induced phase mismatch reduces it.
The phase noise introduced by FWM is certainly more difficult to evaluate. It can be quantified by the power spectral density (PSD) of the generated idler waves [Anthur et al., 2013]. The impact on timing stability depends on the efficiency of FWM and the spectral separation between channels.
In summary, although coherent detection enables advanced modulation formats and unprecedented data rates in high-speed telecommunications, its use for time and frequency transfer remains limited –likely due to the increased complexity of detection and the time jitter and asynchronous operation introduced by DSP. Its performance is fundamentally constrained by the linewidth of the lasers, fibre impairments such as PMD and nonlinearities, and the computational overhead of DSP.
[bookmark: _Toc220995410][bookmark: subsec:heterodyne_general][bookmark: sec:heterodyne]4.2.2.5	Heterodyne techniques
As already introduced in § 4.2.2.3, once the optical field is converted into an electrical signal by the photodiode, different strategies can be employed for signal processing. In particular, heterodyne detection methods (§ 4.1.3) offer significant advantages compared to direct detection. By mixing the received optical field with a local oscillator (LO) laser, an intermediate frequency (IF) signal is generated at the photodiode output,
			(4-53)
which carries both the amplitude and the phase fluctuations of the transmitted signal. This approach enables highly sensitive measurement of frequency deviations and phase noise.
The key advantage of heterodyne detection lies in its efficiency at very low received power levels. Because the LO provides a strong reference field, the detection process does not rely on optical pre-amplification, thereby avoiding noise figure penalties. This makes heterodyne techniques a method of choice in long-haul and bidirectional optical links, where the end-to-end transmission losses can easily exceed −30 dB.
Beyond their role in signal recovery, heterodyne methods naturally extend into optical frequency transfer, where phase-coherent information carried by the optical field is preserved and analysed at radio or intermediate frequencies. In this context, they provide the fundamental building block for a large class of ultra-precise frequency dissemination schemes.
Figure 29
General principle of heterodyne detection. (a) The received optical field is mixed with a local oscillator to generate an intermediate frequency (IF) signal that retains amplitude and phase information.
(b) In optical frequency transfer, super-narrow filtering is achieved using tracking oscillator
[image: General principle of heterodyne detection. (a) The received optical field is mixed with a local oscillator to generate an intermediate frequency (IF) signal that retains amplitude and phase information.
(b) In optical frequency transfer, super-narrow filtering is achieved using tracking oscillator
]
Among ultra-precise dissemination techniques, optical frequency transfer is a prominent example that relies fundamentally on heterodyne detection. In the following, the focus is on this case and discuss its specific limitations in comparison with amplitude-based methods.
[bookmark: _Toc223967112][bookmark: _Toc224029759][bookmark: X1a4678cb0a889a6d8e7273d6aca473a89336a0f]A)	Context: principle of principle optical frequency transfer
Optical frequency transfer through fibre links relies on precise measurement of the phase difference between the emitted optical field and the same field after propagation along the fibre. The concept is often described in terms of a strongly imbalanced Michelson interferometer, where the fibre link acts as one arm, see Fig. 30. The signal returning after a round trip accumulates the phase fluctuations introduced by the fibre, which can then be detected and actively compensated [Ma et al., 1994]; [Foreman et al., 2007]. More information is provided in Chapter 6.
[bookmark: _Ref215004775]Figure 30
Simplified sketch of an optical frequency transfer system. AOM: acousto-optic modulator.
FM: Faraday mirror. Polarization control devices are omitted
[bookmark: fig:OpticalFrequencyTransfer_sketch][image: Simplified sketch of an optical frequency transfer system. AOM: acousto-optic modulator.
FM: Faraday mirror. Polarization control devices are omitted
]
A key point is that, unlike in telecommunication systems, the laser source is typically left unmodulated: no amplitude, frequency, phase, or polarization modulation is applied. Instead, the phase of the pure optical carrier is preserved, and its stability is exploited for frequency metrology. The measurement principle is thus based on detecting the Doppler shifts imprinted by fibre-induced fluctuations on the returning light.
[bookmark: _Toc223967113][bookmark: _Toc224029760][bookmark: experimental-implementation]B)	Experimental implementation
In practice, optical frequency transfer systems employ frequency shifters, most commonly acousto-optic modulators (AOMs), at the fibre ends [Jiang et al., 2008]; [Terra et al., 2010]. This ensures that the beat note corresponding to the light that has travelled the entire round trip appears at a well-defined frequency offset, separating it from spurious contributions such as stray reflections or Rayleigh scattering. These parasitic signals beat at different frequencies and can be suppressed by narrow-band radio-frequency filtering.
Large-scale networks, such as the French REFIMEVE infrastructure, further incorporate tracking oscillators to follow the optical beat note [Cantin et al., 2021]. Typically, loop bandwidths on the order of 10-100 kHz are used, which allows selective detection and robust rejection of unwanted noise contributions [Lopez et al., 2010].
Dual-polarization coherent receivers, with similar architecture of coherent telecommunication, were also employed successfully and demonstrate robust operation (Clivati et al., 2020).
[bookmark: _Toc223967114][bookmark: _Toc224029761][bookmark: optical-frequency-transfer-in-practice]C)	Optical frequency transfer in practice
Significant progress in optical frequency transfer has been achieved in research laboratories worldwide, enabling robust and ultra-stable frequency dissemination over long-haul fibre links.
In typical field deployments, heterodyne detection techniques allow for very low received power levels, with optical budgets in the range of −55 dBm to −60 dBm. For a launch power of 0 dBm and assuming a fibre attenuation of approximately 25 dB per 100 km, this corresponds to an achievable link span of about 250 km without intermediate amplification.
Under these conditions, state-of-the-art systems demonstrate fractional frequency instabilities on the order of  at one-second integration time within a 1 Hz measurement bandwidth over a 250 km fibre link.
[bookmark: _Toc223967115][bookmark: _Toc224029762][bookmark: limitations]D)	Limitations
[bookmark: _Ref215004862]Figure 31
Dependence of the laser coherence length with laser linewidth, highlighting the need for kilohertz-class or narrower lasers 
for 100 km-scale coherent links
[bookmark: fig:linewidth_length][image: Dependence of the laser coherence length with laser linewidth, highlighting the need for kilohertz-class or narrower lasers 
for 100 km-scale coherent links
]
The performance of optical frequency transfer links is closely tied to the properties of the laser source. The line-width of the laser determines the coherence length, which in turn limits the maximum achievable link length. A rough scaling is that transmitting over 100 km requires a laser line-width of 1 kHz or less. The relationship between laser line-width , link length , and achievable phase stability can be approximated as:
			(4-54)
where  is the speed of light,  the refractive index of the fibre, and  the round-trip time. Figure 31 illustrates this dependence. For link lengths between 100 km and 10 000 km, ultra-stable lasers are required. While such sources are now commercially available, their cost remains prohibitive for widespread deployment.
Due to the use of narrow-linewidth, unmodulated lasers, the impact of chromatic dispersion is negligible compared to intensity-modulated systems. The remaining technical limitations arise from:
•	Polarization Mode Dispersion (PMD): Although greatly reduced in metrological transfer compared to telecom signals, PMD sets a residual stability floor, typically at the level of - in fractional frequency stability for long-haul links [Xu et al., 2018].
•	Interferometer stability: The fibre-based interferometers used to detect the round-trip phase fluctuations can themselves introduce instability. With careful design, their contribution can be suppressed to the level of  down to , as demonstrated in state-of-the-art systems [Xu et al., 2018].
As a result, modern optical frequency transfer links are capable of transmitting ultra-stable signals with fractional instabilities well below  at one-second integration, making them invaluable for applications in time-frequency metrology, fundamental physics, and geoscience.
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BeiDou	Chinese GNSS
BIH	Bureau international de l’heure
BIPM	Bureau international de poids et mesures
CCDS	Consultative committee for the definition of the second, now CCTF
CCTF	Consultative committee for time and frequency
CGPM	General Conference of Weights and Measures
CIPM	Comité international des poids et mesures
EAL	Echelle Atomique Libre
ET	Ephemeris time
Galileo	European GNSS
GLONASS	GLObal NAvigation Satellite System (RUS)
GNSS 	Global navigation satellite system
GPS	Global positioning system (US)
IAG	International Association of Geodesy
IAU	International Astronomical Union
IERS	International Earth Rotation and Reference Systems Service
NIST	National institute for standards and technology (US)
NPL	National Physical Laboratory (UK)
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UT1	Universal Time corrected by polar motion, rotational time
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The true nature of time has no rational explanation; we simply feel that time never stops or reverses. But, apart from philosophical considerations, experience indicates that any event can be localized by specifying three space coordinates and one temporal coordinate, generally denoted (x, y, z, t). A time scale is thus defined as the time axis of a system of coordinates. In the Glossary, a time scale is defined as a family of time codes for a particular coordinate time that provide an unambiguous time ordering of events. The phrase “time scale” is also used as a shorthand for the algorithm that provides the names of events. 
At first sight, establishing a time scale seems a simple task, as any evolving system allows the transformation of the measure of time variation into the measure of a dimensional quantity. But scientists ask for metrological properties, and reliable, stable, and accurate reference time scales are required. In addition, there is no absolute time as conceived by Newton in classical mechanics. In reality, all temporal phenomena are affected by gravitational fields and velocities with respect to the observer. Time scales must thus be defined in the framework of general relativity, as explained in the Resolution 2 “On the definition of time scales” adopted by the 26th General Conference of Weights and Measures in 2018 [Comptes rendus CGPM, 2018].
Conventionally, one distinguishes between two different types of time scale: integrated time scales and dynamic time scales:
–	For integrated time scales, the primary data is a unit of duration, that is, of time interval, defined from a physical phenomenon. The time scale is constructed by fixing a conventional origin and by accumulating units of duration without dead-time and without interruption. This concept for the construction of a time axis was applied to the duration of the day, leading to the definition of Mean Solar Time. The present worldwide reference time scale is Coordinated Universal Time UTC, derived from International Atomic Time, TAI. TAI is an integrated time scale; it is obtained by the accumulation of atomic seconds defined as a number of periods of the radiation corresponding to a given transition of the caesium atom.
–	For dynamic time scales, the primary data results from the observation of a dynamic physical system, described by a mathematical model in which time is a parameter that unambiguously identifies the configuration of the system. The time measurement thus becomes a position measurement, and the unit of time is defined as a particular duration. Universal Time corrected for the effects of polar motion, represented by UT1, and Ephemeris Time ET, are dynamic time scales, based respectively on the rotation of the Earth on its axis and on its revolution around the Sun.
In the past, a number of time scales, either dynamic or integrated, have been defined. The associated unit of duration was then used to define the second of the International System of Units (SI). The change from one definition to another has been motivated by the desire to improve accuracy and by other considerations such as the usefulness of the definition in practical metrology. In these changes, the condition of continuity between successive definitions has been maintained. A brief summary is given in the following sections.
[bookmark: _Toc219321999][bookmark: _Toc223959583][bookmark: _Toc224025977][bookmark: _Toc224029768][bookmark: _Toc224030211]5.1.1	Universal Time
Universal Time is affected by irregularities due to the motion of the polar axis of the Earth, and by the irregular velocity of rotation of the Earth. UT1 is the form of Universal Time corrected for the polar motion, thus affected by the irregularities of the Earth’s rotation. UT1 is proportional to the angle of rotation of the Earth on its axis. The coefficient of proportionality is chosen so that 24 hours of UT1 are close to the mean duration of the day, and the phase is chosen so that 0 h UT1 corresponds, on average, to midnight in Greenwich.
The associated unit of time is the second of mean solar time. Its definition is not very precise: it is the fraction 1/86 400 of the mean solar day. This was the SI second till 1960. Astronomers estimated that it could be estimated with a fractional uncertainty of order 10−9, this level of accuracy being achieved after a decade of astronomical observations, analysis and averaging.
The UT1 was the reference time scale, and thus the basis of legal time, until 1972. It still provides a record of the Earth’s rotation for geophysics, astronomy, etc.
[bookmark: _Toc219322000][bookmark: _Toc223959584][bookmark: _Toc224025978][bookmark: _Toc224029769][bookmark: _Toc224030212]5.1.2	Ephemeris Time
Ephemeris Time (ET) is a dynamic time, derived from the theory of the Earth’s orbital revolution around the Sun: it is realized by an expression for the mean longitude of the Sun. This expression and the initial phase of ET were chosen so that ET and UT1 were in approximate coincidence in 1900. 
The associated unit of time is the ephemeris second, defined as the fraction 1/31556925,9747 of the tropical year for 1900 January 0 at 12 hours ephemeris time. This was the SI second from 1960 to 1967.
Through observations of planets and of the moon, it has been possible to obtain the time differences between ET and UT1 since 1630, with a precision of several tens of seconds for the 17th century, and several seconds for the 19th century; ET thus constitutes a reference for studying the Earth’s rotation in the past.
[bookmark: _Toc219322001][bookmark: _Toc223959585][bookmark: _Toc224025979][bookmark: _Toc224029770][bookmark: _Toc224030213]5.1.3	International Atomic Time
International Atomic Time (TAI) is an integrated time available since 1955. The unit of time is the atomic second, which became the SI second in 1967 and is still in use. Its definition, adopted by the 13th Conférence générale des poids et mesures in 1967, is as follows:
The second is the duration of 9 192 631 770 periods of the radiation corresponding to the transition between the two hyperfine levels of the ground state of the caesium 133 atom.
The atomic second can be realized in a laboratory. The best commercial caesium clocks, now widely used in timing centres, produce it with a stated accuracy of order 1  10−13. 
Following the decision of the 26th CGPM, the text of the definition is now: “The second, symbol s, is the SI unit of time. It is defined by taking the fixed numerical value of the caesium frequency ∆νCs, the unperturbed ground-state hyperfine transition frequency of the caesium 133 atom, to be 9 192 631 770 when expressed in the unit Hz, which is equal to s−1” [Comptes rendus CGPM, 2018]. This definition implies, as before, the exact relation ∆νCs = 9 192 631 770 Hz.
Some laboratories maintain primary frequency standards based on caesium; these give an ultimate accuracy of realization of order 1  10−16 (see Chapter 3). The progress in the development of optical frequency standards with fractional-frequency uncertainties of order 10−18 resulted in the recommendations by the Comité consultative du temps et de la fréquence (CCTF) and the Comité international des poids et mesures (CIPM) that some transitions be accepted as secondary representations of the second [Riehle et al., 2018, Margolis et al., 2024].
The function of a clock is to provide a continuous, ordered set of markers with an associated numbering. This constitutes a time scale. The number associated with a given marker is designated as the “reading of the clock”. Since physical devices can fail, laboratories are inevitably led to keep several clocks. Clock data are collected and treated together through a combination of their readings in order to generate an ensemble time. On a worldwide scale, such an ensemble time is International Atomic Time, TAI.
The definition of TAI was first provided by the Comité consultatif pour la définition de la seconde (CCDS) (name of the committee at that time, now CCTF) in 1970. It reads as follows:
International Atomic Time (TAI) is the time reference coordinate established by the Bureau International de l'Heure on the basis of the readings of atomic clocks operating in various establishments in accordance with the definition of the second, the unit of time of the International System of Units.
The origin of TAI was defined to coincide with UT1 on 1 January 1958.
An important consequence of improved accuracies in the realization of the atomic second is that relativistic effects are significant. In this context, the definition of the second must be understood as the definition of proper time, i.e. strictly speaking, the user must be in the neighbourhood of the clock and at rest with respect to it. When comparing two realizations of the SI second on the surface of the Earth, differences of a few parts in 1013 may appear due to the different gravitational fields to which the clocks are subjected. The definition of TAI was thus extended as follows, in a declaration of the CCDS [CCDS Report, 1980] during its 9th Session held in 1980:
TAI is a coordinate time scale defined in a geocentric reference frame (origin of the frame at the centre of the Earth) with the SI second as realised on the rotating geoid as the scale unit.
In 1988, the responsibility for maintaining TAI was transferred from the Bureau international de l’heure (BIH) to the Bureau international des poids et mesures, BIPM.
TAI is in use since the 1970s; however, its formal definition and that of UTC, including the responsibilities of relevant organizations were adopted by the 26th CGPM only in 2018, in its Resolution 2 [Comptes rendus CGPM, 2018]. This definition of TAI is in agreement with the Resolutions A4 (1991) and B1.9 (2000) of the International Astronomical Union (IAU). 
The Resolution states that 
“TAI is a continuous time scale produced by the BIPM based on the best realizations of the SI second, and is a realization of TT as defined by IAU Resolution B1.9 (2000),
− 	in the transformation from the proper time of a clock to TAI, the relativistic rate shift is computed with respect to the conventionally adopted equipotential W0 = 62636856.0 m2s−2 of the Earth’s gravity potential, which conforms to the constant LG defining the rate of TT,
− 	as stated in the IAU Resolution A4 (1991), TT ˗ TAI = 32.184 s exactly at 1 January 1977, 0h TAI at the geocentre, in order to ensure continuity of TT with Ephemeris Time,
− 	UTC produced by the BIPM, based on TAI, is the only recommended time scale for international reference and the basis of civil time in most countries,
− 	UTC differs from TAI only by an integral number of seconds as published by the BIPM,
− 	users can derive the rotation angle of the Earth by applying to UTC the observed or predicted values of UT1 ˗ UTC, as provided by the IERS,
− 	UTC provides a means to measure time intervals and to disseminate the standard of frequency during intervals in which leap seconds do not occur,
− 	traceability to UTC is obtained through local real-time realizations “UTC(k)” maintained by laboratories contributing data to the calculation of UTC, identified by “k”;
and confirms that
“1	International Atomic Time (TAI) is a continuous time scale produced by the BIPM based on the best realizations of the SI second. TAI is a realization of Terrestrial Time (TT) with the same rate as that of TT, as defined by the IAU Resolution B1.9 (2000),
2	Coordinated Universal Time (UTC) is a time scale produced by the BIPM with the same rate as TAI, but differing from TAI only by an integral number of seconds…”
[bookmark: _Toc219322002][bookmark: _Toc223959586][bookmark: _Toc224025980][bookmark: _Toc224029771][bookmark: _Toc224030214]5.1.4	Coordinated Universal Time
Coordinated Universal Time, UTC, was introduced in 1972. It represents a compromise between TAI and UT1, and is defined by the following system of equations valid for any date t:
			(5-1)
and
			
The quantities UTC(t) and TAI(t) differ, for any date t, by an integral number of seconds, equal to 37 from 1st January 2017. The International Earth Rotation and Reference Systems Service, IERS, which is responsible for the calculation and publication of UT1 under the form of the values of UT1 - UTC, decides on the date of adjustment of seconds based on the predicted divergence between the time scales UT1 and TAI. The adjustments of an interval of N seconds are introduced at the end of a month, preferably at the end of June or December.
By definition, UTC has the same metrological properties as TAI, which is an atomic time. In addition, it follows the rotation of the Earth to within a number of seconds. A maximum value of N = 0.9 s was established in 1972, sufficient, at the epoch of its definition, for the purposes of astronomical navigation, where UT1 is required in real time. At that epoch, the only access to UT1 was via the time signal emissions broadcasting UTC. The situation has changed in the last 20 years, as UTC is disseminated today using new technologies on Earth and from space (see § 5.4, and ITU-R Handbook Satellite Time and Frequency Transfer and Dissemination (2010)). In this new context, the international organizations agreed on enlarging the maximum value of UTC – UT1to maintain UTC continuous during centuries [CGPM 2026, Recommendation ITU-R TF.460]
UTC is the general basis for the distribution of time around the world. Local times are derived from UTC by a shift of local offsets of multiples of 15 minutes (which can change from standard time to daylight-saving time), decided by the administration of individual countries, or regional groups. All time signals, at whatever level are synchronized to these local times, and thus to UTC.
The reference time scales TAI and UTC are calculated and distributed by the Time Department of the BIPM. These are deferred-time, paper time scales, without physical representation, and depend on weeks of data collection and analysis to achieve ultimate metrological quality. National time laboratories thus keep other time scales, which are carefully compared a posteriori with TAI and UTC at each new issue. These are local time scales, TA(k), and the local representations of UTC, UTC(k), where k designates the acronym of the laboratory.
In 2025, 19 TA(k) were maintained. They were generated from ensembles of clocks carefully kept on one site, such as is the North American A.1(MEAN) from the USNO and the AT1 from the NIST, the German TA(PTB), or at several different sites within the country, such as is done for the French TA(F), or maintained by institutes in different countries such as the Polish TA(PL) which also includes clocks from Lithuania. Some of these atomic time scales are steered to primary frequency standards maintained at the laboratory, as TA(F) and TA(PTB). Others are free-running. They are known through values of time differences with respect to a physical clock which is also kept in the laboratory, and they have no physical representations. Their scientific purpose is to provide a stable local reference.
In 2025, 87 UTC(k) were in operation throughout the world. They are generally realized by the output of a clock, with or without frequency correction, and thus correspond to a physical signal accessible in real time. The UTC(k) are not free-running but are closely steered to follow UTC, with the goal to be within 100 ns [CCDS Report, 1993]. The UTC(k) time scales of a number of laboratories are routinely kept within 10s of ns of UTC. The UTC(k) provide real-time synchronization, in particular they are used as references for broadcast time signals.
For most demanding applications, such as millisecond pulsar timing, the BIPM issues atomic time scales retrospectively. These are designated TT(BIPMxx) where xx are the two last digits of the year of computation [Guinot, 1988, Petit, 2003]. The successive versions of TT(BIPMxx) are both updates and revisions: they may differ for common dates. They are computed using data from all available primary and secondary standards having contributed to the computation of TAI. 
[bookmark: _Toc219322003][bookmark: _Toc223959587][bookmark: _Toc224025981][bookmark: _Toc224029772][bookmark: _Toc224030215]5.1.5	UTCr: the rapid realization of UTC
Since 1988, UTC has been calculated with one-month data batches at five-day intervals. Extrapolation of values over 10 to 45 days based on prediction models is necessary in many applications. Therefore, UTC is not adapted for real and quasi-real time applications, and it was recognized that a more rapid realization would be of benefit to a variety of applications. For these reasons, the BIPM time department started in 2012 to implement the computation of UTCr, a rapid realization of UTC published every week and based on daily data submitted daily [Petit et al., 2014]. In 2025, 67 laboratories representing 63% of the clock weight in UTC contribute data for the UTCr calculation. The results are published every Wednesday before 18 h UTC on the BIPM web page. The stability of UTCr was expected to be about comparable to that of UTC, albeit slightly worse because the number of participating clocks would necessarily be smaller and because, in general, a deferred solution (here UTC) is expected to be better than a rapid solution (UTCr). In order to achieve a similar performance, it was decided to use the same algorithm (frequency prediction, weighting scheme) as in UTC and to apply it in a similar manner with a calculation interval covering approximately one month. Since UTCr is designed to be a prediction of UTC, an important goal is to minimize the time difference [UTCr – UTC]. For this reason, a steering algorithm has to be implemented. In Fig. 32 the differences between UTC and UTCr are reported up to September 2025. These differences are obtained as a weighted average of the individual differences between UTC and UTCr for each laboratory k, computed at the date tj; the weights Wkj are the global weight of the laboratory k in the UTCr calculation at the date tj:
			(5-2)
FIGURE 32
Values of UTCr-UTC until September 2025
[image: Values of UTCr-UTC until September 2025]
[bookmark: _Toc219322004][bookmark: _Toc223959588][bookmark: _Toc224025982][bookmark: _Toc224029773][bookmark: _Toc224030216]5.2	Time scales in general relativity
[bookmark: _Toc219322005][bookmark: _Toc223959589][bookmark: _Toc224025983][bookmark: _Toc224029774][bookmark: _Toc224030217]5.2.1	Coordinate systems in general relativity
In general relativity, time scales are considered as one of the coordinates of four-dimensional space-time reference systems.
Due to the curvature of space-time, the scale units of these coordinates do not, in general, have a globally constant relation to locally measurable (proper) quantities [Misner et al., 1973, Brumberg 1991, Petit and Wolf, 2005]. In the framework of Newtonian mechanics, it is always possible to define coordinates in such a way that their scale units are everywhere equal to measured distances and durations. This is impossible in general relativity, where the relation between measured quantities and coordinate scale units depends on the position in space-time of the measuring observer. For time scales, this implies that the relation between a coordinate time interval and the locally realized second, using an atomic clock for example, depends on the position of the clock.
In principle, one is free to use any set of coordinates for the description of space-time. However, it turns out that by defining several overlapping systems of coordinates, each valid in a restricted region, the treatment of practical problems and the relationship between coordinates and measurable quantities can be greatly simplified [IAU, 1992]. Such definitions provide several time coordinates, each valid in a particular region of space-time, with the relation between them given by relativistic coordinate transformations.
A system of coordinates in general relativity is defined by its metric tensor  (Greek indices run from 0 to 3) which is position- and time- dependent and must be known for the whole region of space-time within which the coordinate system is used.
The need to define several relativistic systems of space-time coordinates, in particular barycentric and geocentric ones, was recognized by the International Astronomical Union IAU in its 1991 Resolution A4 [IAU, 1991, 1992]. This Resolution includes definitions of barycentric and geocentric coordinate time scales and so provides the theoretical basis for the definition of TAI. The Resolution B1.9 adopted by the IAU in 2000 [IAU, 2001] gives a definition of Terrestrial Time TT different from that of 1991 to avoid any source of uncertainty coming from the definition and realization of the geoid. 
[bookmark: _Toc219322006][bookmark: _Toc223959590][bookmark: _Toc224025984][bookmark: _Toc224029775][bookmark: _Toc224030218]5.2.2	The 1991 IAU Resolution A4
The International Astronomical Union approved Resolution A4 at its General Assembly held in Buenos Aires in August 1991. The complete text of this Resolution is in the 1992 IAU Information Bulletin 67. It contains several recommendations of importance for the definition and realization of coordinate time scales. They are explained in the following sections.
[bookmark: _Toc219322007]5.2.2.1	Recommendation I
Recommendation I explicitly refers to the general theory of relativity to provide the theoretical background for the definition of space-time reference frames. It specifies the form of the metric to be used for coordinate systems centred at the barycentre of an ensemble of masses: 
			(5-3)
			(5-4)
where ds is an infinitesimal space-time line element,  is proper time as realized by an ideal clock, c is the velocity of light in vacuum, U is the sum of the gravitational potentials of the ensemble of masses and of a tidal potential generated by masses external to the ensemble, the latter potential vanishing at the barycentre. The four space-time coordinates are defined to be (x0 = ct, x1, x2, x3). The Einstein summation convention is used, implying summation over repeated indices. It should be noted that equation (5-4) gives only the first terms of a series, which is sufficient for the present level of observational accuracy. Higher order terms may be added as necessary. For time and frequency applications, this will be the case when clock stabilities reach some parts in 1019.
[bookmark: _Toc219322008]5.2.2.2	Recommendation II
Recommendation II states that the space coordinate grid with its origin at the centre of mass of the Earth should show no global rotation with respect to a set of distant extragalactic objects, that the time coordinates for all coordinate systems should be derived from a time scale realized by atomic clocks operating on the Earth, and that the basic physical units of space-time are the second of the International System of units (SI) for proper time and the SI metre for proper length. This Recommendation should also apply to clocks on board terrestrial satellites.
[bookmark: _Toc219322009]5.2.2.3	Recommendation III
Recommendation III defines the scale units and origins of all time coordinates and designates the solar system barycentric time coordinate and the geocentric time coordinate as Barycentric Coordinate Time, TCB, and Geocentric Coordinate Time, TCG, respectively. It should be noted that these time coordinates exhibit secular differences between themselves and with respect to TAI.
[bookmark: _Toc219322010]5.2.2.4	Recommendation IV
Recommendation IV defines Terrestrial Time (TT) as a geocentric coordinate time scale differing from TCG by a constant rate, the scale unit of TT being chosen so that it agrees with the SI second on the rotating geoid. This constant rate is presently estimated to 6,9692904  10−10 with an uncertainty of 1  10−17 (1 ).
As the theoretical time scales TCB, TCG and TT are completely defined by the IAU Resolution A4, the path to realized time scales is immediate.
[bookmark: _Toc219322011][bookmark: _Toc223959591][bookmark: _Toc224025985][bookmark: _Toc224029776][bookmark: _Toc224030219]5.2.3	The 2000 IAU Resolution B1.9
The XXIVth General Assembly of the IAU, in its meeting in Manchester in August 2000 adopted the Resolution B1.9, that recommends redefining Terrestrial Time (TT) as a time scale differing from TCG by a constant rate dTT/dTCG=1 – LG, where LG is a defining constant. Its numerical value was chosen to conform to the value for the gravity potential on the geoid recommended by the International Association of Geodesy (IAG) in 1999. Recommendation IV of 1991 Resolution IAU A4 defined LG equal to UG/c2, where UG is the geopotential at the geoid.
[bookmark: _Toc219322012][bookmark: _Toc223959592][bookmark: _Toc224025986][bookmark: _Toc224029777][bookmark: _Toc224030220]5.2.4	International Atomic Time
According to its definition, International Atomic Time (TAI) is a realization of TT, apart from an offset of 32.184 s introduced for historical reasons to maintain continuity with the previous astronomical definition. It is obtained by combining the data from an ensemble of about four hundred atomic clocks spread world-wide. To achieve this, it is necessary to compare those clocks using a convention of coordinate synchronization [Allan and Ashby, 1986]. This is defined as follows [Klioner, 1992]:
Two events fixed in some reference system by the values of their coordinates (t1, x1, y1, z1) and (t2, x2, y2, z2) are considered to be simultaneous with respect to this reference system if the values of the corresponding time coordinates are equal: t1 = t2. Two clocks are considered to be synchronized with respect to some reference frame if they simultaneously (in the above sense) produce the same time markers.
In the vicinity of the Earth a geocentric, non-rotating reference frame, as defined in Resolution A4, Recommendation II of the IAU, is used for the synchronization of clocks, and in particular for the calculation and dissemination of TAI.
TAI is based on the best realizations of the SI second [CGPM, 2018]. To do this, data from the most accurate primary standards and secondary realizations of the second are individually corrected for the gravitational frequency shift arising from the elevation of the laboratory above the geoid and are then combined to form the scale unit of TAI.
[bookmark: _Toc219322013][bookmark: _Toc223959593][bookmark: _Toc224025987][bookmark: _Toc224029778][bookmark: _Toc224030221]5.2.5	Other time scales
Atomic coordinate time scales like TA(k), UTC, UTCr, UTC(k) and TT(BIPMxx) are time coordinates closely related to TAI and are provided for different purposes. The scales TCG and TCB are related to TT and hence TAI by relativistic transformations (see notes to Recommendations III and IV of the IAU Resolution A4, IAU 1992, and Resolution B1.9 [IAU, 2001]). Up to now international reference time scales and their national representations are introduced. In general, time scales are established in different applications and in institutions of quite different kinds. Even if the use of UTC is recommended in ITU-R (Recommendations ITU-R TF.460 and ITU-R TF.486), for practical reasons operators of infrastructure systems generate local signals for distribution based on their equipment (this aspect is addressed further in Chapter 8). 
Atomic time scales have been developed for the internal support of satellite navigation systems. The four operational GNSS maintain internal independent time scales: GPS Time, for the American Global Positioning System GPS, GLONASS Time for the Russian GLObal NAvigation Satellite System GLONASS, Galileo System Time GST for the European navigation system and BeiDou System Time BDT for the Chinese navigation system. They are generated with a high update rate (of the order of several minutes) from an ensemble of clocks kept in the master control station of the system and, in case of GPS, in onboard satellites, and steered on a local representation of UTC: UTC(USNO) for GPS Time, UTC(SU) for GLONASS Time, UTC(NTSC) for BeiDou System Time, and to a prediction of UTC based on contributions of some European laboratories maintaining local representations of UTC for Galileo System Time. For operational needs, the time scales are kept close to UTC (modulo 1 s), often to better than 10 ns. These system times include in most cases an integral offset with respect to UTC. This offset avoids discontinuities in the system time that would otherwise occur at every leap second insertion. Values of these offsets as well as of the differences between UTC and the predictions of UTC(k) broadcast by GNSS are available at the BIPM website (www.bipm.org), BIPM Time Department Database, only for GPS and Glonass system times) until end of April 2024, and for the four constellations (GPS, Glonass, Galileo and BeiDou) since May 2024.
[bookmark: _Toc219322014][bookmark: _Toc223959594][bookmark: _Toc224025988][bookmark: _Toc224029779][bookmark: _Toc224030222]5.3	Generation of time scales
The practical problem is to generate a time scale from an ensemble of atomic clocks maintained in one or several laboratories. The efficient combination of the readings of the participating clocks requires:
−	the definition of the expected qualities of the time scale,
−	the characterization of the available timing data,
−	the design of an algorithm for data treatment.
[bookmark: _Toc219322015][bookmark: _Toc223959595][bookmark: _Toc224025989][bookmark: _Toc224029780][bookmark: _Toc224030223]5.3.1	Expected qualities
The departure from an accumulation of ideal SI seconds on the rotating geoid can be estimated through computation of its “normalised frequency departure” at date t, commonly referred to as “frequency”, defined as:
			(5-5)
where 0 = 1 Hz, and (t) is the reciprocal of the scale unit, expressed in SI second, of the time scale for date t.
Actual physical clocks have offsets with respect to the “ideal” time scale (in fact to a reference time scale). These offsets can be characterized as the combination of a static (or very slowly varying) deterministic set of parameters and stochastic contributions that can only be characterized statistically. The deterministic parameters of each clock are used to correct the data at every measurement epoch. The stochastic contributions of each clock are assumed to be uncorrelated and randomly distributed and are minimized by combining their data to obtain a reliable, stable and accurate time scale. A separate, but important, point is the delay of access to the scale. For some purposes access must be immediate, for others a significant delay may be tolerable.
[bookmark: _Toc219322016]5.3.1.1	Reliability
Individual physical clocks may fail with immediate interruption of the time scales they deliver. Reliability thus calls for redundancy and eventually for national or international collaboration between laboratories maintaining atomic clocks.
The simplest solution to this problem is to replace the clock which has failed by another one. This is what is normally done in time laboratories which generate a UTC(k). Usually the UTC(k) is directly linked to the output of a physical clock, generally the best one of the ensemble on site, this being designated the “master clock” by some laboratories. Its output is controlled by small, predetermined frequency corrections and time steps, often through a microphase stepper, so as to steer UTC(k) to UTC. A change of the physical clock does not influence the output time scale if the microphase stepper is suitably programmed to handle the change.
More often, reliability is ensured by using an ensemble of clocks and computing an ensemble time. This time rarely has a physical realization. In computing such an ensemble time, it is necessary to minimize the perturbations that result as clocks enter and leave the ensemble. Clearly the more clocks at the disposal of an ensemble, the less is the effect as one clock enters or leaves. For this reason, there has been a general increase in the number of clocks in a given ensemble. The commercialization of the 5071A clock successively by the firms Hewlett-Packard, Symmetricom and Microsemi, has led to a steady increase in the number of industrial caesium clocks, together with the incorporation of hydrogen-maser clocks to the individual time scales. This results in about 410 atomic clocks contributing to TAI in 2025. One of the major consequences is a gain in reliability for TAI.
[bookmark: _Toc219322017]5.3.1.2	Stability
The stability of a time scale may be defined as its ability to maintain a constant scale interval, even if it differs from the ideal one. A measure of stability thus consists in the estimation of the dispersion of the frequency values y(t) with time. Some statistical tools have been developed to estimate stability; they are developed in Chapter 2. They are efficient for the characterization of the usual types of random noise which affect clock signals. The most common stability estimation tool is the two-sample, or Allan variance [image: ] which depends upon the observational, or sampling, time .
The stability of an ensemble time scale depends upon the stabilities of the contributing clocks and the design of the algorithm used to generate it. The algorithm must, in particular, correctly handle any change in clock behaviour. The general considerations are detailed in § 5.3.3, but the central idea is to generate a time scale more stable than any of the contributing clocks. This can be realized, but generally only for a given range of averaging times .
In principle, the concept of stability applies only to free-running time scales. A UTC(k) is, by definition, steered so it is affected by intentional frequency steps and its short- and middle-term stability generally degraded. In addition, a crucial problem comes from the fact that time scale frequency values are always estimated or measured with respect to the frequency of another time scale or physical clock. The stability analysis of such comparative measures leads to the evaluation of the coupled stability of the two time scales. The statistics of the measurement process that compares the two time scales may also be important, and, in some cases, this effect may make the largest contribution to the statistics of the resulting estimate. Two cases may arise:
−	The frequency of the time scale under test is evaluated by comparison with a time scale of significantly better quality, such as those realized by primary frequency standards. The observed instability then may be ascribed totally to the time scale under test.
−	The two time scales which are compared are of similar quality. A technique for noise decoupling is then necessary. If the time scales involved in the comparison may be assumed to be completely independent, the N-cornered-hat technique produces an estimate of the intrinsic stability of each element. If the independence is not verified, variances and covariances should be handled together for a complete analysis [Tavella and Premoli, 1994]. Complete independence of the two time scales is often difficult to realize in practice.
[bookmark: _Toc219322018]5.3.1.3	Accuracy
The accuracy of a time scale may be defined as its ability to maintain a mean scale interval as close as possible to its definition. For time scales which realize TT, the mean scale interval should be as close as possible to the SI second on the rotating geoid.
For primary and secondary frequency standards, accuracy is estimated by an uncertainty budget obtained through the evaluation of the known physical effects that modify the output frequency with respect to the definition. When it is not possible to constitute such an uncertainty budget, accuracy is evaluated by comparison of the duration of the scale interval with the best realization of the SI second provided by primary frequency standards. It is of course necessary to compensate for the effect of the gravitational red shift on the primary standard frequency results in order to convert its realized SI second to the geoid (null height). The accuracy of a time scale is generally given by a frequency difference between the time scale and the primary frequency standard, evaluated for averaging times corresponding to the best stability of the time scale, including the uncertainty of the primary frequency standard.
Improvement in the accuracy of a time scale is generally carried out outside the main algorithm, which deals only with stability optimization. This may be done by steering the frequency of the time scale to the frequency of a primary standard or to a more stable reference time scale. The method that is used to realize this steering must be chosen to minimize the degradation of the short-term stability of the time scale.
[bookmark: _Toc219322019]5.3.1.4	Delay of access
The delay of access to a time scale is linked to the quality of raw timing data and to the scientific purposes the time scale is supposed to fulfil.
Raw timing data is acquired according to a basic measurement cycle, whose duration ranges from several minutes to several hours, and is affected by measurement noise. Depending on the level of this noise, it may be useful to smooth raw measurements by accumulating data over several successive basic samples of measurement (see § 5.3.2). This delays the access to the resulting time scale. In addition, it is useful to observe the behaviour of contributing clocks for a long period, both before and after the moment to which the data applies, in order to make the best use of their data. This also delays the access.
What constitutes an acceptable delay of access to a time scale depends on its use. For a reference time scale, such as UTC, the requirement is extreme reliability and long-term stability. To match this purpose, the reference time scale relies on a large number of clocks of different types, located in different parts of the world. Data must therefore be collected and handled correctly, which takes time. The delay is thus considerable but is acceptable because of the ultimate quality obtained. For scientific studies inside a laboratory, however, it may be necessary to produce the time scale in near real time, immediately after the clock measurements, even if this may compromise the long-term qualities of the scale.
[bookmark: _Toc219322020][bookmark: _Toc223959596][bookmark: _Toc224025990][bookmark: _Toc224029781][bookmark: _Toc224030224]5.3.2	Timing data
[bookmark: _Toc219322021]5.3.2.1	General form of timing data
Timing data takes the form of time differences between clocks. An atomic clock delivers a series of electrical pulses separated from one another by a very stable time interval. An interval between pulses of 1 s is common but is not a requirement and other intervals are used. Each pulse is an event with an associated number, a kind of label which is tied to it. This associated number is the reading of the clock for that particular event: for example, it may read as 2022 March 13 11 h 27 min 13.0 s. It can also be designated as the date of the event; its origin is arbitrary and is chosen to be convenient, but it is incremented by a constant value at each new pulse. Clock readings vary continuously and rapidly, so they can only be “caught in flight”. However, counters are available: they can be started with a given pulse coming from one clock and stopped with the pulse with the same label coming from another clock. A counter thus measures time differences which are proper quantities. These are thus measurable and expressed in SI units.
Denote hi(t) and hj(t) the time coordinates of the pulse labelled t, delivered by clock Hi, and of the pulse, with the same label, delivered by clock Hj, in a given reference frame. The interval of coordinate times:
			(5-6)
is needed for the generation and dissemination of coordinate time scales.
At the present level of accuracy in clock comparisons, the coordinate quantity xij(t) can be approximated using the interval of proper time issued from a counter, taking into account signal propagation delays for clocks separated by large distances [Petit and Wolf, 1994]; it thus can be expressed in SI units. In addition, in current practice, one does not specify a reference frame, and one designates the time coordinate hi(t) as the “reading of clock Hi at date t ”, which, strictly, is not correct. For sake of conformity with the existing literature, the same designation is used in this text. However, the actual meaning of equation (5-6), which involves only coordinate quantities, should not be forgotten.
The quantities xij(t) are the basic measurements used for time scale generation. They are obtained by time transfer methods, implemented between clocks located on the same site or in remote locations. Generally, a non-redundant network of time links is used, a given clock being compared only once with all the others at each date.
[bookmark: _Toc219322022]5.3.2.2	Comparison of clocks located on the same site
For computation of some of the TA(k) kept by national timing centres, all the contributing clocks are located on the same site. This is the case for the NIST, the SU, and the USNO. On each site, one clock is designated as the reference clock for the ensemble, and the times of the other clocks are measured with respect to it. It may also be the source of UTC(k), as shown in Fig. 33, but UTC(k) may also be generated by a microphase stepper that uses one of the other clocks in the ensemble as a frequency reference. 
FIGURE 33
Comparison between clocks located on the same site
[image: Comparison between clocks located on the same site]
In the simplest case, where the reference clock for the ensemble also realizes UTC(k), the measurements obtained take the form:
		          with   i = 1, ..., N	(5-7)
at date t, N being the number of clocks. However, the time differences in equation (5-6) may also be measured with respect to another clock in the ensemble. For example, at NIST, this other clock is designated as the “working standard,” and its time is not used to realize UTC(NIST).
The counters or time-interval meters normally used in timing laboratories provide measurements every second, or even more frequently, with accuracies ranging from 0.1 ps to 100 ps (1 ) for one individual measurement (it has been shown that a 0.1 ps measurement noise can be obtained using the dual mixer time difference approach for an averaging time of 1 s, but the measurements are sensitive to fluctuations in the ambient temperature and a measurement noise of 0.7 ps (1 σ) is more common at an averaging time of several hours [Levine, 2012]. The process involved in the comparison of clocks located at a site is described in Chapter 4. 
[bookmark: _Toc219322023]5.3.2.3	Comparison of clocks located on remote sites
For the computation of some time scales TA(k), the contributing clocks are located in more than one laboratory. This is the case for the French TA(F), computed (in 2024 from 14 industrial caesium clocks kept in 7 laboratories in France, for the Polish TA(PL) which included (in 2024) data from 12 industrial caesium clocks and 6 hydrogen-maser clocks located in five Polish and one Lithuanian institutions, and for TAI computed from data reported by 87 national timing centres, maintaining between them about 450 atomic clocks (source BIPM website, www.bipm.org, BIPM Time Department Database).
In addition to the configuration of Fig. 33, used within the contributing laboratories, links, of a more elaborate nature, are required between distant UTC(k). This corresponds to Fig. 34, and leads to measurements expressed in the form:
		       with i = 1, ..., N1
		         with j = 1, ..., N2	(5-8)
		
where t is the date, k1 and k2 the acronyms of the two laboratories being compared, and N1 and N2 are the number of clocks in each laboratory. Basic quantities xij(t) defined in equation (5-6) are obtained by linear combination of the differences in equation (5-8).
FIGURE 34
Comparison between clocks located on two different sites
[image: Comparison between clocks located on two different sites]
There exist several methods for making distant time comparisons. The introduction of time transfer methods using satellite systems led to a major improvement in the precision, accuracy, and coverage of world-wide time metrology. They have accuracies of order several ns (1 ) or even better for calibrated equipment. Clock comparisons are possible with sub-nanosecond accuracy with optic fibre links. As of 2025 three methods are fully operational:
1	Comparisons using satellites of GNSS, routinely by the US Global Positioning System, GPS, but also using signals from the Russian Glonass, the European Galileo and the Chinese BeiDou. [For information on these comparisons refer to Chapter 6, § 6.2.6 GNSS Signals in High-Accuracy Applications]. The ITU-R Handbook on Satellite Time and Frequency Dissemination [ITU Handbook 2010] provides a comprehensive description of the GPS and Glonass satellite systems (Chapters 4 and 5 respectively), as well as the principles of time transfer via GPS (Chapters 12 and 13). 
     	facilitate the exchange of data among timing laboratories and between these laboratories and the BIPM, the Common GNSS Generic Time Transfer Standard (CGGTTS) was defined in 1994 [Allan and Thomas, 1994] for the use of GPS measurements. The standard recognized the capabilities of the receiving equipment of that epoch. This standard has been updated to follow the evolution of GNSS, the outcome of new constellations and the development of new types of receivers [Defraigne & Petit, 2015]. The CGGTTS computation procedure is based on the analysis of measured pseudoranges for 13-minute tracks, the interval that was originally necessary for a single-channel time receiver to get a full navigation message. Nowadays, these files can be produced directly by the receiver. But they can also be constructed from the RINEX (Receiver Independent Exchange) format files (for a detailed description refer to the IGS website igs.org, IGS formats and standards). Solutions with sub-nanosecond precision can be achieved with Precise Point Positioning (PPP) solutions from RINEX data [Petit and Jiang, 2008]. 
2	Two-way comparisons using telecommunication satellites (Two-way Satellite Time and Frequency Transfer, TWSTFT) are routinely used for clock comparison in the computation of UTC at about ten institutes. Although the TWSTFT solution is easy and is based on geometric considerations, the cost of the equipment and its rather complex operation are factors that limit the expansion of the TWSTFT network. The ITU-R Handbook on Satellite Time and Frequency Dissemination [ITU Handbook 2010], (Chapter 14), and [Recommendation ] provide a comprehensive description of the TWSTFT technique and its use for time transfer. Significant improvement of the 1-day stability of the time comparison can be achieved with the operation of the newly developed Software Defined Radio (SDR) receivers (see § 4.2.1 of this Handbook and Report ITU-R SM.2152), replacing the reception part of the time-transfer hardware with high-speed digitization and software data processing. 
3	Time comparisons over optical fibre provides a higher performance alternative to satellite-based time transfer, with demonstrated instability below 100 ps and sub-ns accuracy. Comparisons via optical fibre are possible across continental distances. Intercontinental comparisons including optical fibre stretches could be possible implementing combination with space techniques. Calibration with pico-second accuracy is possible (see Chapter 6 for a detailed description).
The characterization of the delays in the time transfer equipment, usually called “calibration” is essential to the accuracy of time transfer and time dissemination. The current scheme for obtaining such “receiver calibrations” includes so-called Group 1 laboratories (G1) in each Regional Metrology Organization (RMO), which are periodically visited by BIPM equipment. These G1 laboratories operate several reference stations and are responsible for the calibration of the other laboratories of their RMO. UTC links between laboratories calibrated with this scheme receive a calibration uncertainty of 1.5 ns for G-G1 links and 2.5 ns for G1-G2 links. In 2025, 80% of the stations participating in UTC had been calibrated under this scheme. Some of the remaining stations had received a calibration of their equipment by the manufacturer before installation, and in such cases an uncertainty not lower than 5 ns is assigned in the computation of UTC. Finally, there are still some time laboratories that have never been calibrated. For these stations an “uncertainty” of 20 ns is currently assigned in the BIPM Circular T, but this should in the future be replaced by “not calibrated”. Guidelines for GNSS equipment calibration issued by the BIPM are available at the BIPM website (bipm.org, BIPM Time Department Database, Characterization of time transfer equipment). Results of calibrations of equipment for reception of GPS and Galileo signals can be accessed also at the BIPM Time Department Data Base. 
The calibration of TWSTFT is different, it consists in the calibration of the link connecting the two stations involved in a comparison. A TWSTFT link calibration campaign is carried out using a TWSTFT mobile station or eventually a GNSS travelling system when a mobile station is not available. The TWSTFT calibration guidelines prepared by the CCTF Working Group on TWSTFT as well as the status of TW calibration exercises are available at the BIPM Time Department Data Base. 
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[bookmark: _Toc219322025]5.3.3.1	Definition of an average time scale
To match the definitions of time scales given in the introduction and in § 5.2, the reading of an atomic time scale TA may be theoretically written, at date t, as the weighted average of the readings of the contributing clocks:
			(5-9)
(Since the reading of a clock includes both deterministic and stochastic contributions, the weighted average defined in the preceding equation must be computed with care. The weighted average of the deterministic contributions of an ensemble of clocks is unlikely to be zero. See discussion below.) The basic mathematical definition given in equation (5-9) plays a fundamental role in the development of time scale algorithms, which is detailed in the following. Some ensemble time scales, such as GPS time, do not make use of a similar explicit average definition but use a Kalman filter approach, which is described in § 5.4.2.1.
Relative weights i(t), i = 1, ..., N, are introduced in order to discriminate between clocks according to their errors in predicting the ensemble time. They satisfy the following relation:
			(5-10)
The time of a clock in general differs from the ensemble-average time scale because of both systematic deviations as well as random deviations. The weighting function in equation (5-9) is typically chosen to optimise stability and is not dependent on the systematic deviations (e.g. frequency offset, frequency drift) but only on the random deviations where is considered a deviation systematic if its variation is very slow relative to the measurement interval. Hence, if the weight of a clock is changed or if a clock is added or subtracted, the resulting time scale computation will be adversely affected, since the weighting function in equation (5-9) apply to systematic deviations as well [Guinot,1987]. It follows that equation (5-9) is not satisfactory for actual clock ensembles, for which changes of weights are unavoidable. Equation (5-9) must thus be modified as follows:
			(5-11)
where  is a time correction added at date t to the reading of clock Hi, and designed to ensure time and frequency continuity of TA at a previous date t0 when weights have been changed. The correction can be written by using the evolution of the time of the clock with respect to the ensemble (the “frequency” of the clock), and the evolution of this frequency:
			(5-12)
where xi (t0) is known, since it results from the computation of TA at date t0, where yip (t) is the predicted frequency of clock Hi, relative to TA, over the interval [t0, t] and dip (t) is the predicted frequency drift of the clock Hi over the interval [t0, t]. The frequency yi(t) of clock hi, relative to TA, over the interval [t0, t] can be estimated from:
			(5-13)
The frequency estimated in equation (5-12) often has a contribution due to white frequency noise, so that the frequency used in the prediction term in equation (5-12) is often the average of the estimate obtained in equation (5-12). The averaging time is generally different for different clocks. It is determined by the domain over which the fluctuations in the value obtain from equation (5-12) are dominated by white frequency noise. The AT1 algorithm that is used at NIST includes an exponential filter that is used for this purpose. [Levine and Parker, 2002] The frequency drift of the clock hi over the interval [t0, t] can be estimated by using the least square approach to the frequency values of the clock Hi with respect to a reference that in the case of UTC is TT(BIPM) [Azoubib et al., 1977, Petit, 2003]. This method assumes that the frequency variation of the clock is dominated by white frequency noise and linear frequency drift. The frequency drift of many masers in some cases does not satisfy this requirement.
It is also possible to characterize the evolution of the time of a clock with respect to the ensemble by using auto-regressive methods (ARMA and ARIMA). The current reading of a clock is computed based on a linear combination of previous data. The optimum linear combination may have no clear connection to the more physical frequency and frequency drift parameters of the previous equations. These techniques were studied and discarded some time ago but have had a more recent renaissance because they may be more suitable for time scales based on the artificial intelligence.
Until TA is computed at date t, yi(t) is unknown. It is thus necessary to predict it according to the past behaviour of clock Hi. This predicted frequency is denoted yip(t) and the frequency drift is denoted by and appear in equation (5-12).
Equations (5-6), (5-10) and (5-11) lead to the following system of equations, assuming no measurement noise:
		(5-14)
System in equation (5-14) is deterministic with N equations and N unknowns. The solution is unique and the results are the time differences xi(t), i = 1, ..., N, which give access to TA for date t. The difference between clock Hj and TA is explicitly given by:
			(5-15)
System (5.14) can be found in time laboratories using more clocks to obtain the reference as for example TAI [Panfilo et al., 2019] and UTCr [Petit et al., 2014] at BIPM. The assumption that the measurement noise is negligible relative to the clock noise may have to be re-considered for hydrogen masers and other stable clocks when data from these clocks is used in constructing the UTCr time scale.
Since the definition of the time scale, and thus the resulting system of equations, nearly always takes the same form, the specificity of a given algorithm lies in the choices made for:
	the length of the time interval [t0, t],
	the weights attributed to clocks,
	the way clock frequencies are predicted, and the way frequency drift is dealt with, 
	the method used to detect and remove outliers and other errors without degrading the scale computation.
These choices are closely related to the purposes for which the time scale is designed.
The decreasing dead time of fountains measurements makes possible other time scale algorithms. The fountain is used to steer a clock (usually a H-Maser) that provides UTC(k). A steering algorithm based on the information given by the fountain inside the laboratory and by TAI (monthly) is applied to a H-maser to provide UTC(k). Examples are given by UTC(PTB) [Bauch et al., 2012], UTC(OP) [Rovera et al., 2016], UTC(NPL), UTC(USNO), UTC(SU) etc. These time scales show the best performance in being close to UTC. As it is reported in Fig. 35 the difference between UTC - UTC(k) for the laboratories listed remains inside the interval of [−4 ns, 4 ns] for more than three years.
In these cases the steering procedures used are the key issue of the algorithm implemented; the steering applied to the clock used as reference to maintain its frequency as close as possible to the PFS frequency and the steering applied to maintain the UTC(k) realization close to UTC [Bauch et al., 2012; Rovera et al., 2016].






FIGURE 35
Values of UTC – UTC(k) for six laboratories contributing data to the BIPM
[image: Values of UTC – UTC(k) for six laboratories contributing data to the BIPM]
Because of the progressive development of Secondary Frequency Standards and in view of the possible redefinition of the second [Dimarcq et al., 2024] the future development of time scale algorithm will be probably based on the use of optical clocks. Some publications are already available, and the results show very good performance [Yao et al., 2018, Yao et al., 2019, Milner et al., 2019 and Hachisu et al., 2018]. Optical clocks do not run continuously at present, so that a time scale that incorporates data from an optical clock usually also has conventional microwave-based devices that act as a steered flywheel, similar as in a fountain-based time scale. This combination is likely to be common for some time.
[bookmark: _Toc219322026]5.3.3.2	Length of the basic interval of computation
In some laboratories, TA(lab) is a result of a measurement of the time differences of an ensemble of clocks. In this configuration then two basic durations have been previously defined:
•	0, duration of the basic measurement cycle.
•	T0, minimum duration over which raw data should be averaged in order to smooth out the measurement noise sufficiently to reach the intrinsic qualities of the clocks being compared. Orders of magnitude for T0 are several minutes to several hours inside a laboratory, 12 hours to 1 day between two laboratories linked via short-distance GPS common views, and several days between two laboratories linked via long-distance GPS common views.
Also defined are two dates:
•	t0, date for which TA is known.
•	t, a following date (t > t0) for which smoothed timing measurements are available and for which TA is to be computed by solving equation (5-14).
The update interval T = t – t0 is, in general, of the same order of magnitude and slightly longer than T0. Its length is thus directly linked to the quality of timing data. It is for example:
•	T = few hours for UTC(k), which only uses timing data taken on site,
•	T = 1 day for UTCr, which uses timing data from all over the word, the maximum baseline between laboratories being of order 6 000 km,
•	T = 5 days for TAI, which uses timing data from all over the world, the maximum baseline between laboratories being of order 6 000 km.
Another requirement is efficient characterisation of the behaviour of the participating clocks in order to weight them correctly and efficiently predict their frequencies relative to TA (see the following sections). It is thus often necessary to observe clocks over a duration longer than T. One then has two possibilities as follows.
Consider an integer n greater than 1.
A memory of the last n intervals of duration T is retained. The time scale is delivered in near real-time, with a delay no greater than T, but it is based only on the past behaviour of contributing clocks. There are no re‑processing and no post-processing. The weights and the frequency prediction are valid for an interval of duration T. The resulting algorithm is thus dynamic and adaptive at intervals of T.
The advantage of this approach is that the time scale is accessible in real time. The disadvantage is that it may not be possible to take into account the abnormal behaviour of one clock before its data are included in the scale. A stable clock which suddenly presents a frequency jump can thus affect the time scale before the anomaly is detected.
The (n + 1) dates included in the interval are treated as a whole. This delivers a deferred-time time scale, computed in post-processing. The weight and the frequency prediction of a given clock are valid for an interval of duration nT. They are changed for the following interval of duration nT, but are equal for all dates included in a given interval of duration nT. The clock behaviour observed during the whole interval of computation is taken into account. The resulting algorithm is dynamic and adaptive a posteriori at intervals of duration nT.
The advantage is the possibility of taking into account any abnormal behaviour of clocks occurring during this period. The disadvantage is the access to the time scale in deferred time for the (n + 1) dates included in the interval of computation.
TAI is computed by the same process with T = 5 days and nT = 30 days (n = 6), for UTCr T=1 day and nT = 7 days.
In the case of national time scales UTC(k) making use of fountains in their algorithms the steering procedure of the frequency with respect to a fountain called ffou is updated each day and the other fTAI is updated each month after the publication of Circular T. 
Most of the algorithms used in national laboratories adopt this choice, updating TA(k) in real time or in near real-time without post-processing. In addition, some algorithms, as those for UTC and UTCr at the BIPM, choose an iterative procedure to evaluate weights and frequency predictions: this takes the form of successive recomputations of TA for the same interval, with detection of outliers at each step, until results converge [Panfilo and Arias, 2019; Petit et al., 2014].
[bookmark: _Toc219322027]5.3.3.3	Weighting procedure
[bookmark: _Toc219322028]5.3.3.3.1	General ideas
Since time scale algorithms are designed to optimise frequency stability, each clock should be weighted according to its own frequency stability. The weight attributed to a given clock is thus basically chosen to be inversely proportional to its frequency variance i2.
		,        i = 1, ..., N	(5-16)
The reason for this is that, if the contributing clocks are independent and if weights are not artificially limited, the frequency variance of the resulting time scale may be written as:
			(5-17)
which means that the time scale is, in principle, more stable than any contributing element. The choice of the variance type (classical, filtered, or Allan) depends on the purposes for which the time scale is generated, and can thus differ according to the algorithm which is considered. However, there are two limiting factors as follows.
The frequencies of clock Hi, used for the computation of its frequency variance, are estimated over an interval of duration . According to equation (5-17), the stability of the resulting time scale is optimised for averaging times close to . It is thus of pre-eminent importance to determine for which  values the contributing clocks present their best stabilities, and to define what objective of stability the time scale should fulfil. In other words, the optimisation of both short-term and long-term stability could call for contributions from different types of clocks, treated according to different procedures in the algorithm. 
The frequencies of clock Hi, used for the computation of its frequency variance, are estimated by comparison with a reference. Very often this reference is the time scale itself, because its stability is assumed to be better than that of the contributing clocks. 
In addition to the fundamental aspects that have just been discussed, the weighting procedure should obey some other rules. The most important is the implementation of an upper limit of weight, necessary practically to make the time scale rely on the best clocks and yet avoid giving a predominant role to any one of them. Another is an objective criterion to safeguard the time scale against the possible abnormal behaviour of some clocks. It is important to stress that the existence of an upper limit of weight improves the reliability but invalidates equation (5-17). It leads to a time scale that is not as stable as a scale constructed with weights determined purely from statistical considerations.
To illustrate, the examples of the algorithms used for UTC and UTCr are used.
[bookmark: _Toc219322029]5.3.3.3.2	Weighting procedure in UTC
As already noted, UTC operates in post-processing, treating as a whole measurements sequence taken over a basic period nT = 30 days. Measurements are available every T = 5 days, on MJDs ending with 4 and 9. The time scale is updated for each of the six dates t included in the one-month period under consideration: t = t0 + mT, with m = 1, 2, 3, 4, 5, 6. The date t0 is the last date of the previous calculation interval, for which the time scale is maintained and not updated. The separation between updates is thus 5 days, but the gap between calculations is 30 days.
In UTC, the weight wi(t) of clock Hi is constant over the calculation interval I (30/35 days) of computation: it is thus valid for the seven dates t = t0 + mT, with m = 0, 1, 2, 3, 4, 5, 6, continuity at t0 being ensured by the clock frequency prediction. It can be written wi(I) and obeys equation (5-16), where  is calculated as:
			(5-18)
where is the difference between the real frequency and the predicted one, i identifies the clock, j the calculation interval and M the number of available measurements which can vary from 5 to 12 given that 5 is the minimum number of months requested to observe the behaviour of a clock prior to its introduction into the UTC calculation and one year (the standard period of observation) of the frequency data of the clock Hi results from an exponential filter used to de-weight the past behaviour of the clocks. These are the frequencies computed over interval I and the five previous two-month intervals. As the frequency over the interval I is not yet known, an iterative process is used [Panfilo et al., 2014] which begins with the weights obtained at the previous month computation, ending at date t0; this gives an indication of the behaviour of each clock during the interval I and thus makes it possible to refine weights in the following iterations.
The UTC weight determination uses clock measurements covering a full year, so annual frequency variations and long-term drifts can lead to de-weighting. In addition, the choice of 30 days, corresponds to a good averaging time for the detection of frequency anomalies. Sampling over 30 days thus allows optimisation of TAI stability in the long-term. 
In UTC there is an upper limit of weights which corresponds to an A/N with A = 6 and N the number of clocks participating in UTC calculation.
To conclude, the weights obey the same rules, in particular: optimisation of the stability and detection of abnormal behaviour. The specific choices that have been made match the available timing data and fulfil the fundamental requirement of access to a time scale in real time or deferred time.
[bookmark: _Toc219322030]5.3.3.3.3	Weighting procedure in UTCr
The weighting algorithm in UTCr is harmonized to the UTC weighting algorithm. The same algorithm used in UTC has been implemented in UTCr. The maximum weight of a clock is set at 3.8/N; where N is the number of clocks with a non-null a priori weight; a test for ‘abnormal behaviour’ is implemented, by checking the difference between the predicted and the real frequency of the clocks.
Other laboratories use weight limits. For example, NIST limits the weights of any clock to 30% independent of N. 
[bookmark: _Toc219322031]5.3.3.4	Frequency prediction
[bookmark: _Toc219322032]5.3.3.4.1	General ideas
The way the frequency of clock Hi is predicted depends on its statistical characteristics and on the duration for which the prediction should be valid. There are several pure cases:
−	The predominant noise is modelled as white frequency noise: this is the case for commercial caesium clocks for averaging times  ranging from 1 day to 10 days. The most probable frequency, estimated over an interval of duration , for the following  interval is then given by the mean of the frequency values observed over a number of previous intervals of duration .
−	The predominant noise is modelled as random walk frequency modulation: this is the case for most commercial caesium clocks for averaging times  ranging from 20 to 70 days. The most probable frequency value for the following  interval is then the last frequency value estimated over the previous interval of duration .
−	The predominant frequency deviation is modelled as a linear drift: this is the case for some hydrogen masers for averaging times  longer than several days. The most probable frequency for the following  interval is then the last frequency calculated over the previous interval of duration  corrected by a term deduced from the estimated frequency drift.
To optimise an ensemble, it is thus necessary to have a good knowledge of the behaviour of the contributing clocks, and to be astute in selecting suitable modes of frequency prediction for the different clock types.
To illustrate, the algorithm used in UTC and UTCr is considered.
[bookmark: _Toc219322033]5.3.3.4.2	Frequency prediction in UTC and UTCr
As already noted, UTC is calculated in post-processing, treating as a whole measurements sequence taken over a basic period nT = 30 days. As with its weight, the predicted frequency of clock Hi is constant over one month interval I of computation; it is thus valid for the seven dates t = t0 + mT, with m = 0, 1, 2, 3, 4, 5, 6, and can be written yip(I).
In UTC the predicted frequency used for the present calculation interval is equal to a quadratic prediction of the frequency obtained over the previous interval. The frequency drift affecting in particular the H-Masers is taken into account in the prediction model. 
In the UTCr algorithm, where the quadratic model is used, the frequency drift of a clock is taken to be the drift value obtained for that clock in the most recently available monthly UTC computation.
[bookmark: _Toc219322034][bookmark: _Toc223959598][bookmark: _Toc224025992][bookmark: _Toc224029783][bookmark: _Toc224030226]5.3.4	Accuracy of the scale interval of a time scale
Improvement of the accuracy of a time scale is generally carried out outside the main algorithm, which deals only with optimising stability.
For TAI, it is carried out by frequency steering the free-running time scale derived from the stability algorithm of UTC. The frequency corrections are smaller than the frequency fluctuations of the time scale to minimize a degradation of its stability. They are decided after comparison of the frequency of the computed time scale with a combination of the frequencies of primary frequency standards, continuously operating or occasionally evaluated, all around the world [Azoubib et al., 1977; Petit, 1999]. In this exercise, the effect of the gravitational red shift on the primary standard frequencies is taken into account. 
The steering of UTCr to UTC is done by replacing the past values of [UTCr - Clock] by the values [UTC - Clock] when they become available after each monthly UTC computation. This ensures that the past values of the clock data, used to compute the predictions hi(t)’, never diverge between UTCr and UTC in the long term. However, the steering of UTCr near the start of every month can introduce a time-step in UTCr - UTC(k) relative to UTC - UTC(k) for the same time, which affects the results until the next applied steering that means after the next UTC calculation month so it has been decided to apply it gradually over four weeks, instead of all at once.
[bookmark: _Toc219322035][bookmark: _Toc223959599][bookmark: _Toc224025993][bookmark: _Toc224029784][bookmark: _Toc224030227]5.3.5	Examples
[bookmark: _Toc219322036]5.3.5.1	Stability of UTC/TAI
To estimate the frequency stability of UTC/TAI the best references available are considered, which currently are the Terrestrial Time as realized by the BIPM (called TT) and the Rubidium clocks provided monthly as clocks by the USNO for UTC. In Fig. 36, the stability of EAL/UTC/TAI is reported to highlight the long term (at about 40 days) performance at the level of 2 × 10−16. In the plot the short term of the red line is dominated by the noise of the link used to compare clocks and the very long term of both blue and red lines by the steering to SI second.
FIGURE 36
Frequency stability of EAL
[image: Frequency stability of EAL]
[bookmark: _Toc219322037]5.3.5.2	Stability of some independent time scales
In Fig. 37 the stability of TAI-TA(USNO) and TAI-TA(PTB) are reported as example the free time scales.
The minimum values of TA(PTB) and TA(USNO) are respectively 3.6 × 10−16 and 3.5 × 10−16. 
FIGURE 37
Frequency stability of TA(USNO) and TA(PTB)
[image: Frequency stability of TA(USNO) and TA(PTB)]
[bookmark: _Toc219322038]5.3.5.3	Steering of some local representations of UTC
The examples of the stability analysis of some UTC-UTC(k) are reported in Fig. 38. The scope is to show the effect of the steering procedure to maintain UTC(k) close to UTC. The “bump” affecting the frequency stability of the data is evident in each line and is the effect of the steering procedure applied by the individual laboratories. 
FIGURE 38
Examples of stability analysis of various UTC – UTC(k) ending in September 2025
[image: Examples of stability analysis of various UTC – UTC(k) ending in September 2025]
[bookmark: _Toc219322039][bookmark: _Toc223959600][bookmark: _Toc224025994][bookmark: _Toc224029785][bookmark: _Toc224030228]5.4	Dissemination of time scales
A pre-requisite for the dissemination of time data is the accurate calibration of the equipment that is used as part of the dissemination process. Calibrating receiving equipment can be very difficult, because the receiver is often embedded in a larger device that uses the data. For example, a synchro-phasor, which is a device that is used to characterize the phase of the voltage on a power line, often contains an embedded GNSS receiver. The output of the receiver is often not available, so that validating the performance of the GNSS receiver is difficult. As a second example, the application that applies a time stamp to a financial transaction is often combined with the system that calibrates and validates the accuracy of the clock that is used by the time stamp process. Again, it is difficult to characterize the accuracy of the system clock and the statistical performance of the synchronization algorithm. These considerations are very important in any practical design, but are outside of the scope of the current discussion, which assumes that the clocks can be observed separately from the application that uses them, and that any hardware that is used in the process has been calibrated with an uncertainty that is consistent with the requirements of the application. Refer to Chapter 6 and to [ITU Handbook 2010] for complete information on time dissemination. 
[bookmark: _Toc219322040][bookmark: _Toc223959601][bookmark: _Toc224025995][bookmark: _Toc224029786][bookmark: _Toc224030229]5.4.1	Synchronizing the time scale of a laboratory
The time and the frequency of a time scale are free parameters because time scale algorithms operate only on the measurements of time differences between clocks. Therefore, the overall time and frequency must be determined by comparing the time scale to another one whose characteristics are known. The comparison can be realized by transmitting the ensemble time of the scale to be calibrated to the reference time scale, and the frequency of the scale to be calibrated is estimated by the evolution of these time differences. The characteristics of the channel that is used to transmit the time differences is important, and the comparison of the time difference between the two scales is generally limited by the accuracy of the determination of the channel delay, while the stability of the delay is important for determining the frequency of the scale to be calibrated. The uncertainty in the measurement of time differences is characterized by a Type A uncertainty, which can be of order 100 ps (1σ) for a channel that is realized with two-way satellite time transfer, and a Type B uncertainty, which is of order a few ns, and depends on the details of the process that is used to calibrate the channel delay. 
There are other methods for comparing the ensemble times of two time scales in addition to transmitting the time data between the two scales. For example, the two ensemble times can be compared by using any clock that is simultaneously measured with respect to the two ensembles, even if the clock that is used in the comparison is not a member of either ensemble. The « common view » technique is an example of this method. The difference between two time scales, UTC(k) and UTC(k’) is estimated by measuring the difference between each local time scale and the signal transmitted by a GNSS satellite.
[bookmark: _Hlk78960177]		(5-19)
where:
	t(SVj) : 	time signal transmitted by satellite j
	δ :	path delay between the source and the receiver.
The common view method most often uses the signals transmitted by GNSS satellites because the satellites transmit information that can be used to estimate the path delay, but the method can use any signal, even if it is not intended for this application. Signals from LORAN stations and even television signals can also be used in common view without any active cooperation between the source and the receivers.
The common view method can be extended to the configuration where the signals from a single transmitter cannot be observed simultaneously at both receiving stations. This “all in view” method depends on the fact that the times transmitted by the GNSS satellites of a constellation are combined to compute a “GNSS system time”, t(GNSS) by the operators of the system. An estimate of the offset between the time transmitted by the satellite and the system time of the constellation is broadcast by the satellite in a “navigation message” and a more precise estimate of this difference is also computed after the fact. Then, the time difference between UT(k) and UTC(k’) can be estimated by receiving the signals from two satellites, j and j’ and combining these measurements with the offset of the satellite clock from the GNSS system time.
The all in view method effectively replaces the common view of a single physical transmitter with the common view of the ensemble time scale of multiple transmitters. In addition to the effects discussed in the previous section, the method depends on the accuracy of the relationship between the time transmitted by a satellite and the system time of the ensemble, and the method is usually used with post-processed ephemerides for this reason. The broadcast ephemeris is generally not accurate enough for this method.
The common view and all in view methods are also used by timing laboratories to distribute UTC(k). The laboratory publishes the difference UTC(k) - t(GNSS) or UTC(k) - t(SVj) (SVj stands for satellite vehicle), and any user can combine these data with similar measurements made by the user’s receiver to estimate the difference between the user’s clock and UTC(k). The BIPM also publishes UTC - t(GNSS), which can be used for the same purpose (BIPM website, bipm.org, BIPM Time Department Database). 
Two scales can also be compared by means of a portable clock that is carried between the two scales. This method may involve effects of General Relativity and is usually limited to comparisons of time scales that are not too far apart and are at similar gravitational potentials. The method is somewhat easier to implement if only the frequencies of the two scales are being compared. The clock need not be kept operating during the travel between the sites involved, and relativistic effects are not important.
The generation of a time scale and the method that is used to compare its ensemble time with respect to another scale are usually independent processes. As an example of this point, International Atomic Time (TAI) could be defined as the weighted mean of the time scales of timing laboratories, denoted by UTC(k), instead of the weighted mean of single « master clocks » at these facilities, and this method was actually used many years ago. The channels linking the timing laboratories to the BIPM would be the same in either configuration. However, some laboratories realize UTC(k) by means of an ensemble of clocks that are located at different places. The channels that link these clocks together are then an integral part of the ensemble algorithm, and the statistics of the channel must be considered in the design of the algorithm.
[bookmark: _Toc219322041][bookmark: _Toc223959602][bookmark: _Toc224025996][bookmark: _Toc224029787][bookmark: _Toc224030230]5.4.2	Paper time scales
The previous discussion implicitly assumed that a time scale had a physical realization. That is, there was a physical signal that realized the ensemble time and frequency. This physical signal might be the output of one of the clocks in the laboratory (the “master clock”) or it might be realized by a phase stepper that generated a physical output based on the results of the ensemble calculation.
There are a number of important time scales that have no physical realization and therefore cannot be disseminated by any of the methods that have been discussed in the previous sections. In general, these time scales are disseminated implicitly as the difference between the time scale and another time scale or clock that generates a physical signal. The “system time” of a GNSS ensemble has already been mentioned as an example of this case. The system time is disseminated implicitly by transmitting the time difference between its time and the time of the clock in a GNSS satellite. A receiver receives the time based on the signal derived from the satellite clock and can re-construct the system time by combining this measurement with the information that is transmitted in the data channel. Other parameters in the data channel of the GPS constellation can be used to determine a prediction of UTC(USNO) from the broadcast signal, and all GNSS constellations transmit data to determine the prediction of the relevant UTC(k). The BIPM publishes values of the time differences between UTC and the system times of the various GNSS constellations (BIPM website, www.bipm.org, BIPM Time Department Database) 
The time scales generated by the BIPM, Coordinated Universal Time, UTC, and International Atomic Time, TAI, are also paper time scales and have no physical realization. They are disseminated implicitly by the BIPM through Circular T, which gives the difference UTC - UTC(k) for all of the laboratories that contribute data to the calculation of these scales. As in the previous example, the UTC time scale is estimated by combining the data published in Circular T with the physical time signals transmitted by a laboratory, UTC(k). (As discussed in the previous paragraph, the signals from a GNSS satellite can be used in the same way.) The BIPM publishes Circular T after some delay, so that UTC is not available in real time. The TAI time scale differs from UTC by an exact number of integral seconds, and is estimated in the same way as UTC.
The UT1 time scale, which is related to the position of the Earth in space, is estimated by the IERS based on astronomical observations. It is also a paper time scale, and it is disseminated by the IERS in Bulletin A, which gives UT1 - UTC. Other laboratories publish similar information in various formats. 
5.4.2.1	The Kalman filter
The Kalman algorithm characterizes each clock in an ensemble by a state vector. The vector for each clock has a component giving the time difference, x, measured in seconds, a dimensionless frequency, y, which describes the evolution of the time difference, and a drift parameter, d, with units of 1/s, which describes the evolution of the dimensionless frequency. (A simpler implementation does not include a drift component in the state vector.) The parameters are relative to the ensemble average time, which generally has no physical representation. In the absence of any measurements, the evolution of the state of clock j during a time interval τ is described by:
		 	(5-20)
		 	(5-21)
		 	(5-22)
		 	(5-23)
The noise contributions, ξ, η, and  are uncorrelated variables with a mean of zero and a known standard deviation. The noise parameters are used to construct the covariance matrix. The diagonal terms of this matrix are derived from the standard deviations of the contributions, and the off-diagonal terms describe the impact of the noise contribution to any state to the variance of the other states.
The state of the system is measured at time tk. Any component of the clock state could be measured in principle, but the most common measurement is the difference in the time states between each clock and one of them, which is designated as the “master” device. These measurements may have some noise contributions, in addition to the noise terms in the previous equations. The results of the measurements are compared with the predictions based on the evolution of the state components, and the result is the “innovation” – the difference between the predictions of the evolution equations and the results of the measurements. The Kalman gain modifies the state of each clock, taking into account the various noise contributions, and the result is an updated state vector, which then evolves until the next measurement. 
The Kalman algorithm has a number of advantages compared to other algorithms. It can handle more complex noise contributions, while most other algorithms are more limited. It can accept measurements of any component of the state vector, and the measurement can be with respect to an external device that is not part of the ensemble, such as a primary reference oscillator, which provides only frequency information. On the other hand, its performance depends on an accurate description of the noise processes, and it cannot easily handle noise terms that are not Gaussian or that are not stationary. It is more difficult to add or drop member clocks, and it has no inherent method for handling outliers. The method is often implemented by using matrix algebra, and numerical round-off and truncation may be serious concerns for large ensembles. It can be difficult to compute a robust estimate of the drift component, since its contribution to the evolution of the time difference between clocks may be masked by the frequency noise contribution. This problem can be particularly difficult in ensembles that include both cesium standards and hydrogen masers; this difficulty is not unique to the Kalman method. 
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The worldwide need for synchronization of local timing signals or syntonization of locally produced frequency signals with accepted national or international standards is ongoing, even growing in terms of required reliability and accuracy. Since the ITU and other scientific and technical organizations have recommended UTC as the appropriate international reference for time and frequency for most applications, it is relevant to briefly recall in this Handbook the various sources that exist for precise UTC information and the means for gaining convenient access to them. 
Although the BIPM has the responsibility for establishing, maintaining, coordinating, and generally overseeing the UTC time scale, users throughout the world generally access local approximations to UTC through various national time and frequency dissemination services that are coordinated to be within close – or at least well-documented - agreement with the international UTC time scale. These services maintain and disseminate local realizations of UTC, UTC(k) in institute “k”. The level of accuracy needed at the user’s site dictates the selection of a source of time and frequency reference signals and their dissemination methods from among several alternatives. Many different systems, techniques and services existing worldwide have been used successfully to satisfy a large variety of time and frequency requirements. They include both those dedicated for time and frequency needs and others that are designed primarily for other functions, such as navigation or communications. Radiocommunication and wired time and frequency dissemination services have been compiled in this Chapter.
The term synchronization is often used with heterogeneous meaning, even within the same user group (see § 1.1). A one pulse-per-second (1 pps) generator driven by a standard frequency source produces after switch-on a signal with an undefined offset between the output 1 pps rising edge and any reference signal, whether UTC or its local realization, UTC(k) in institute “k”. Using a special function (often denoted SYNC) the output 1 pps can be synchronized to an external input 1 pps so that the time interval between input and output is within one full period of the driving standard frequency. By additional means (e.g. a microphase stepper), the phase of the driving and reference frequency sources can be aligned to improve synchronization of the output 1 pps rising edge with the input reference. Another usage of synchronization implies that the time offset between a local and a reference signal is known with some uncertainty, but no measures are taken to restrict it. In the ITU-T community and its associated literature, the term “network synchronization” has been in use for decades to mean adjusting the frequency of oscillators to a reference value, which is de facto syntonization. Only with the 5G mobile telecommunication on the horizon has synchronization in the context of ITU-T community included not only frequency but also time and phase adjustments to be aligned with the reference.
A historical note on time and frequency dissemination is included in § 1.2.
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As described in Recommendations ITU-R TF.374-6 and ITU-R TF.460-6, the ITU has allocated the following specific frequencies for time-and-frequency dissemination: 19.95-20.05 kHz; 2 495-2 505 MHz; 4 995‑5 005 MHz; 9 995-10 005 MHz; 14 990-15 010 MHz; 19 990-20 010 MHz; and 24 990-25 010 MHz to the standard-frequency and time-signal service. The ITU Radio Regulations also include language which permits the use of specified portions of the 14-90 kHz region of the spectrum for time and frequency broadcasts on a secondary basis. In addition, several other frequencies were allocated to the standard-frequency and time-signal satellite service, but these have never been used for this purpose. Existing services are documented in Recommendation ITU-R TF.768, with its annually updated Annex (Recommendation ITU-R TF.768-7 Annex[footnoteRef:4]). This Annex contains the characteristics of standard-frequency and time-signal emissions in allocated bands, and characteristics of stations emitting with regular schedules with stabilized frequencies outside of allocated bands. Recommendation ITU-R TF.583 complements the information given by describing the coding of time information in the broadcast signals. Over the last decades, the number of dedicated radiocommunication services has declined and reception of signals from GNSS has taken over in many applications.  [4:  	It is accessible from the ITU-R Study Group 7 website (select Working Party 7A\Related Activities or directly https://www.itu.int/oth/R0A08000007/en, accessed 2026-01-09). ] 

The description of various radio-based dissemination methods for time and frequency applications is given in this Chapter, with the restriction to frequency bands and services of actual use, now or in the past. While the ITU Handbook “Satellite time and frequency transfer and dissemination” [ITU-R Handbook 2010] describes the use of satellite signals for time comparisons, which is relevant in the context of the generation of UTC but in general not for dissemination to the broader public, such techniques are mentioned below for completeness.
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VLF (very-low-frequency) broadcasts in the 10-30 kHz range are useful primarily for frequency applications. Stable propagation characteristics and long-distance coverage make such signals useful for frequency comparisons at the 1 × 10−11 level or better. Operating services primarily exist in Russia, Japan, and the US (Recommendation ITU-R TF.768). In recent years the use of VLF broadcasts for time and frequency comparisons has declined due to the emergence of other systems and techniques.
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Various dedicated LF (low-frequency) services for time dissemination in the frequency range 40-162 kHz are operated in cooperation with institutes entrusted with the dissemination of legal time and serve millions of users. The most prominent services are WWVB in the US, MSF in the UK, DCF77 in Germany, JJY in Japan, BPC and BPL in China, ALS162 in France and RTZ and RBU in Russia. Recommendation ITU-R TF.583 contains an up-to-date compilation of the codes used for time dissemination. 
Due to their long wavelengths, LF radio signals can pass through walls and buildings and be received indoors. They are diffracted over obstacles and travel beyond the horizon, following the surface of the Earth in the ground-wave propagation mode (Recommendation ITU-R P.368-9). This mode has the advantage of relatively stable propagation delays, when compared to sky wave propagation, in which signals are reflected from the ionosphere (Recommendation ITU-R P.684-7). Stable propagation delays are essential for use of the received signal as an accurate and stable source of reference frequency. Existing services provide holdover frequency that can be accurate enough as a backup for GNSS signals in critical applications if GNSS signals are unavailable [Shermann et al., 2021].
Signals from terrestrial navigation systems such as LORAN-C at 100 kHz still play an important role in some regions. In Western Europe, Japan, and the US most of the stations have been decommissioned. However, in other regions, LORAN-C stations are still in operation. In some cases, they have been upgraded to provide improved performance, including the addition of a data channel, and the enhanced service is then usually termed eLoran.
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HF (high-frequency) broadcast services make use of the internationally allocated frequencies for this purpose at 2.5, 5, 10, 15, 20 and 25 MHz. Other HF services use frequencies in other bands to reduce mutual interference. Such services provide modest accuracy performance but offer advantages in terms of wide geographical coverage, convenience of use and inexpensive user equipment.
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The use of television signals for time dissemination used to be very effective and was common in some countries. It proved especially advantageous within a limited local region because of its simplicity, relatively low cost, and high accuracy. For decades it was used within Europe to bridge between the institutes operated on both sides of the Iron Curtain [Tolman et al., 1967]. With the development of digital broadcast, however, the properties of received signals no longer allow this use to be continued because of the variable and unpredictable propagation and signal-processing times.
[bookmark: _Toc219367197][bookmark: _Toc223959609][bookmark: _Toc224026003][bookmark: _Toc224029794][bookmark: _Toc224030237]6.2.5	GNSS (Broadcast)
Recommendation ITU-R TF.374-6 explicitly refers to the frequency bands commonly used by the GNSS. In addition to positioning, GNSS signals can be used for time determination and synchronization applications. Signals from the satellites of the Global Positioning System (GPS) – the first GNSS – have been used since the early 1980s for time comparisons. The primary purpose of all GNSS, namely GPS, GLONASS, Galileo and BeiDou, is positioning and navigation. GNSS systems rely on precise timing, as the satellite ranges used to calculate position are derived from propagation time measurements of the signals transmitted from each satellite. A basic description of the design and operation of a GNSS is given in § 7.5 of this Handbook. The signals broadcast by GNSS satellites are derived from onboard atomic clocks (caesium beam clocks, rubidium gas cell clocks, passive hydrogen masers) and contain timing and orbit information in their broadcast navigation message. GNSS timing receivers have been developed, which use the received signal to discipline inbuilt oscillators to GNSS system time or, preferentially, to the prediction of UTC contained in the navigation message. Such GNSS DO (for Disciplined Oscillators) usually deliver a one pulse-per-second (1 pps) electrical signal or even a set of output signals (standard frequency signals, signals for telecommunication applications and further wire-based dissemination, see § 6.4) that represent, with some uncertainty, either the GNSS system time or UTC as predicted in the GNSS navigation message. The use of such devices in calibration laboratories, telecommunication and power facilities is very common. Many receivers are embedded in servers providing time (including time-of-day) information via network protocols such as NTP or PTP (see below). There is an ongoing debate on how traceability to national or international standards can be established with reasonable effort using such instrumentation [Lombardi, 2016, Matsakis et al., 2018, Defraigne et al., 2022] which is taken up in Chapter 8.
With the widespread use of GNSS DO and their relevance in many application sectors in mind, the following describes the basis of their operation in some more detail. 
In the GNSS ground segment, the common GNSS system time (GNSS_T) is generated from an ensemble of atomic clocks. The offset between GNSS_T and some selected available realization UTC(k) of UTC is also determined in the GNSS ground segment and serves to build the quantity [Broadcast_UTCGNSS – GNSS_T] for broadcast by the satellites. In a GNSS DO the local user time scale TS_user is typically realized in such a way that the offset between TS_user and Broadcast_UTCGNSS is close to zero (for timing applications) or at least kept constant (for frequency applications). Different GNSS rely on different UTC(k) and different algorithms to determine the offset between the specific UTC(k) and the respective GNSS_T and to predict its evolution into the future. 
To relate TS_user to UTC, the difference UTC – Broadcast_UTCGNSS need to be added. This latter can be obtained from the following relation
		UTC – Broadcast_UTCGNSS =
	[UTC – UTC(k)] + [UTC(k) – GNSS_T] - [Broadcast_UTCGNSS – GNSS_T]	(6-1)
The quantity UTC – UTC(k) is provided by BIPM in Circular T as explained in Chapter 5. The second term can be provided by a UTC(k) timing laboratory which operates a calibrated GNSS receiver. BIPM publishes daily offsets in Section 4 of its Circular T. 
Reception of GNSS signals suffers from delays introduced by the ionosphere and troposphere, and by multipath and receiver noise. A wide range of performance in terms of frequency instability and offset of the 1 pps output signal from UTC can be obtained, depending on the sophistication of the equipment and the efforts to determine the signal delays in the GNSS reception chain. Typical values achieved after several thousand seconds of averaging are relative frequency instability of 10‑12 and time offset from UTC below 100 ns.
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High-accuracy applications often involve the comparison of two time scales at distant sites rather than the dissemination in a somewhat hierarchical manner of a reference time to a user. A good example is the collaboration of about 80 timing institutes across the world in realizing UTC, cooperating with and guided by the BIPM. The reception of GPS signals has been used since the 1980s following the Common-View scheme (GPS CV) [Allan and Weiss, 1980], or later its variant called GNSS All-In-View (AV) [Petit and Jiang, 2008a]. In early 2022, all the time links between laboratories “k” which realize a replica of UTC, named UTC(k), are based on GNSS, either GPS only (in the case of 87% of the links), or combined with Two-Way Satellite Time and Frequency Transfer (TWSTFT) (to be described later). Signals from the other GNSS have been used and will be used more extensively in the future, based on the same methods. In CV, two stations simultaneously observe the same GNSS satellite. At each site the difference between local clock (T) or local time reference and GNSS_T is recorded at the same instant using the same satellite using dedicated GNSS time receivers. 
		User A observes: A = Ta – GNSS_T	(6-2)
		User B observes: B = Tb – GNSS_T	(6-3)
By computing the difference between the two sets of numbers: 
		A ‑ B = (Ta – GNSS_T) - (Tb – GNSS_T) = Ta – Tb	(6-4)
the differences between the two local clocks can easily be calculated. In the AV method, averages over all available observations at a given epoch are made first before the difference is formed. For long-distance links this brings the advantage of a larger number of useful observations. Common errors in the received signal, however, due to incorrect space vehicle clock and orbit modelling no longer cancel. Thus, AV typically includes post-processing using products provided by the International GNSS Service (IGS) [Johnston et al., 2017]. CV and AV traditionally involve code-based measurements, and for inter-continental links the BIPM reports values for the standard uncertainty representing the link instability between 1.5 ns and 5 ns. This value is often smaller than the uncertainty for accurate time transfer which is governed by the uncertainty of the determination of the signal delays in the receiving equipment [BIPM, 2021]. 
The highest performance GNSS-based approach involves Precise Point Positioning (PPP). Contrary to GNSS CV and AV based on code measurements only, PPP is a one-way method based on dual-frequency code and carrier phase observations taken at one location [Petit and Jiang, 2008b]. Combined with IGS products (precise orbit and clock predictions) the position of the receiving station and the time offset between local clock and the time reference of the satellite clock products is obtained. In early 2025 the required products are available routinely only for GPS. Initially, a frequency transfer performance of order 10−15 at one-day averaging was achieved, limited by the noise of the code measurements used to determine carrier phase ambiguities in the long term. The next achievement preserves the integer nature of the carrier phase ambiguities and is termed Integer ambiguity PPP (IPPP) [Petit et al., 2015, Petit, 2021]. Application of IPPP for some UTC(k) links has been studied but has not yet become a BIPM routine in 2025. After a week of averaging, frequency comparison is feasible with 10‑16 uncertainty, decreasing further for averaging times up to one month. The accuracy of time comparisons remains linked to the calibration uncertainty and does not immediately improve.
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Other satellite systems were used for transmitting time signals in a one-way mode in the past. A Standard-Frequency and Time-Signal (SFTS) Dissemination Service using the Indian National Satellite programme (INSAT) system was provided by National Physical Laboratory (Delhi) for about 20 years up to the late 1990s. The service consisted of a train of 5 kHz burst signals, which were frequency modulated on the carrier. With the growing popularity of GPS receivers, the cost for maintaining the service became prohibitive.
Occasionally communication satellites have been used for time and frequency transfer. Design and function of such satellite services have been reported in Chapter 6 of the Handbook “Satellite time and frequency transfer and dissemination” [ITU, 2010].
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Between 1974 and 2004, the U.S. Geostationary Operational Environmental Satellite System (GOES) transmitted a time code referenced to the UTC(NIST) time scale. The time code was disseminated continuously from two geostationary satellites located normally at 75 and 135 West longitude. Satellite position data were also transmitted to users so that suitable automatic receivers can compute the signal path delay and correct their 1 Hz outputs accordingly. Specified time code accuracy as delivered to the user was 100 µs [Lombardi and Hanson, 2005].
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The STL (Satellite Time and Location) service has been developed by Satelles, acquired by Iridium. The development was motivated by the observation that since GPS had been introduced, many of its applications, such as positioning and time synchronization, had gained greater importance, in particular though its abundant use in sectors supporting the critical infrastructure of a nation [Sherman et al., 2021]. Specifically, it was noted that some of those applications were hindered by the insufficient performance of GPS within indoor environments and scenarios like urban canyons. Because of the low signal power of GNSS, the signals are prone to jamming, and the proliferation of software defined signal generation devices increased the risk of spoofing as well. As a complement or alternative to GPS, STL’s key feature is the use of the Iridium constellation of satellites, which was originally launched to provide voice and data communications to satellite phones and pagers with worldwide coverage. The constellation consists of 11 satellites on each of the 6 orbital planes, with an orbit height of about 780 km and inclination of 86.4° (almost polar orbit). The STL service uses burst signals specifically designed for position, navigation, and timing applications Novick A, Johnson P [2024]. Due to the low orbit height, the signal strength can be higher by up to a factor of 1000 compared to GPS. Cryptographic features are included in the signal to offer increased security. STL has been identified as a possible building block for improved resilience of time and frequency transfer services [Sherman et al., 2021]. Limitations to its usefulness arise from the small footprint of the satellite antennas on the ground and potential issues due to low satellite coverage at low latitudes, substantially less than GNSS [Reid et al., 2016]. No wide-spread experience can be reported as of early 2025. Other commercial satellite services may in the future play a similar role.
[bookmark: _Toc219367202][bookmark: _Toc223959614][bookmark: _Toc224026008][bookmark: _Toc224029799][bookmark: _Toc224030242]6.2.10	Two-way satellite time and frequency transfer
For completeness, it is briefly mentioned Two-Way Satellite Time and Frequency Transfer (TWSTFT) whose operational use has been described in Recommendation -4. A detailed description can also be found in the Handbook “Satellite time and frequency transfer and dissemination” [ITU, 2010]. It has been developed into a technique for time and frequency transfer between laboratories that contribute with their atomic clocks and, in some cases, with their primary frequency standards, to the realization of UTC, as an independent alternate to GNSS-based comparisons. The TWSTFT technique is thus used in two areas: for true time transfer, by comparing local time scales such as local realizations of UTC, and for accurate frequency comparisons between atomic clocks. TWSTFT is typically performed in networks with multiple participating stations using code division multiple access (CDMA) and the need to standardize: 
‒	measuring procedures, 
‒	data processing, and 
‒	formats for the exchange of data and relevant information between participating stations and interested bodies, such as the BIPM
was noted at an early stage. Since the two-way technique is essentially a point-to-point communication system, it should not be regarded as a general dissemination technique. In high-risk critical infrastructure management, it can constitute a GNSS-independent method that provides better immunity to jamming and spoofing [Sherman et al., 2021]. For general applications its cost and operational complexity are prohibitive.
[bookmark: _Toc219367203][bookmark: _Toc223959615][bookmark: _Toc224026009][bookmark: _Toc224029800][bookmark: _Toc224030243]6.3	Standardized wired services
This section describes wired services that provide standardized and scalable time and/or frequency dissemination methods. These services can complement, replace and/or backup the radiocommunication services described in § 6.2. While many of these services are less accurate than those described in § 6.4, the services described in this section allow to reach hundreds, thousands or even millions of users.
[bookmark: _Toc219367204][bookmark: _Toc223959616][bookmark: _Toc224026010][bookmark: _Toc224029801][bookmark: _Toc224030244]6.3.1	Services based on telephone 
Several timing centres all over the world have established services designed to disseminate coded time information over telephone lines in an automated mode. Typically, computers and other automated systems are programmed to dial such services as needed, receive an ASCII time code and reset the local clock. Some systems are designed for automatic correction for the path delay involved through the telephone system. In such case, accuracies in the range of 1-10 ms are possible, but often the services are just used for ensuring time-of-day (TOD) to about 1-second accuracy. The available time dissemination services and time signals emissions, including services based on telephone, are published by BIPM on its Time Department Data Base, Sub-section Dissemination services [BIPM, 2026]. In 1990, several time-keeping institutes in Europe agreed upon a common format for time dissemination via the public telephone network in the frame of a EUROMET (what is now called EURAMET, the European Regional Metrology Organization) project. This “European telephone time code” is today still being distributed by eight institutes. The European telephone time code inter alia contains DUT1 (the offset between UT1 and UTC with a resolution of 0.1 s) as defined in Recommendation ITU-R TF.460-6. The anticipated increase of DUT1 beyond 0.9 s will make a change of the coding necessary.
[bookmark: _Toc219367205][bookmark: _Toc223959617][bookmark: _Toc224026011][bookmark: _Toc224029802][bookmark: _Toc224030245]6.3.2	Solutions and techniques used in computer and telecommunication networks
[bookmark: _Toc219367206]6.3.2.1	Introduction
Computer and telecommunication networks have evolved into mainly packet networks. Packet networks are primarily asynchronous in nature and thus pose a major challenge for time and frequency transfer. On the other hand, they provide highly scalable solutions maximizing the reach of time and frequency dissemination. The time and/or frequency transfer through such networks is either supported as an additional feature or transparent to the network. The terms time synchronization and frequency synchronization (syntonization) are commonly used in the context of packet networks when referring to the time and frequency transfer through such networks[footnoteRef:5]. [5:  	In ITU-R Recommendations and in this Handbook, the terms ‘synchronization’ and ‘syntonization’ are used as defined in Recommendation ITU-R TF.686 in the context of time and frequency transfer. In the context of telecommunication networks, the term ‘synchronization’ can have a broader meaning (e.g. data synchronization) and both frequency and time are relevant, thus in ITU-T Recommendations the term “time synchronization” is used to highlight the timing context, as defined in Recommendation ITU-T G.8260. The term ‘frequency synchronization’ is used to refer to syntonization, see Recommendation ITU-T G.8261.  ] 

[bookmark: _Toc223959618][bookmark: _Toc224029803]Synchronization
In packet networks, synchronization of network elements is achieved through two-way time transfer based on packet timestamping. The basic principle is illustrated in Fig. 39 a). A network device A transmits a packet and records its transmission time (t1) with the local time of device A. The same packet is received by a network device B which records the reception time (t2) using its local time. This process is repeated in the other direction to obtain t3 and t4. 












Figure 39
Principles of two-way time transfer and frequency transfer in packet networks
[image: Principles of two-way time transfer and frequency transfer in packet networks]
Assuming that all timestamps are available and that the medium is symmetric, the one-way delay introduced by the network between the two devices can be calculated as follows:
			(6-5)
The offset between the local time of device A and the local time of device B can be calculated as follows:
		offset = time_of_B – time_of_A = t2 – (t1 + one_way_delay) 	(6-6)
The offset information allows correcting the internal time of one of the devices to be aligned with the internal time of the other, with some uncertainty which results from
‒	the precision of the timestamps
‒	the asymmetries of the data path
‒	the frequency offset between the two network elements.
The method above is used by Network Time Protocol (NTP), Precision Time Protocol (PTP), White Rabbit (WR) and High Accuracy (HA) PTP, all described in the following sections.
[bookmark: _Toc223959619][bookmark: _Toc224029804]Frequency synchronization (syntonization)
In packet networks, syntonization of network devices can be achieved in two ways. One method consists in timestamping transmitted and received packets with the local times of the transmitter and the receiver respectively (see Fig. 39 b)). Based on these timestamps, the rate of reception of packets is compared with the rate of their transmission. The calculated frequency offset between the transmitter and the receiver is used to correct the frequency of the receiver. Such a frequency correction is typically used along with the time offset correction when synchronizing the two network devices, as described above. 
Another method for syntonization of network devices in packet networks uses physical layer syntonization. Figure 40 illustrates this concept in which network device A encodes a data stream transmitted on its interfaces with a frequency derived from a frequency source (e.g. frequency standard). Network device B recovers the frequency from the received data stream on an interface directly connected to network device A, using a Clock and Data Recovery (CDR) circuit. A Phase-locked loop (PLL) is used by network device B to obtain a frequency syntonized to the frequency source of network device A. This frequency is then used to transmit data on interfaces of network device B and is typically available directly through various outputs.
The first method of syntonization is used by NTP and PTP, while the latter is used by Synchronous Ethernet (SyncE), WR and HA PTP.
The time and frequency disseminated over packet networks, described in the following sections is typically obtained from a GNSS-disciplined frequency standard or directly from an institute “k” realizing a UTC(k). 
Figure 40
Physical layer syntonization concept (modified figure from [Jobert et al., 2013])
[image: Physical layer syntonization concept (modified figure from [Jobert et al., 2013])]
[bookmark: _Toc219367207]6.3.2.2	Network Time Protocol (NTP)
Network Time Protocol (NTP) is the most common method for synchronizing personal computers, servers, networked devices and appliances over the Internet public network and it is one of the oldest Internet protocols in current use. In existence since 1985 (NTPv0), its version 1 (NTPv1) was brought to attention of a wider engineering community with [MILLS D, 1991], its latest version 4 (NTPv4) is specified in [IETF 2010] and accompanying documents. The reference implementation and detailed documentation is available from [NTP ORG, 2025].








Figure 41
Typical architecture of interconnecting NTP clients and servers
[image: Typical architecture of interconnecting NTP clients and servers]
The protocol allows a device implementing NTP client functionality (client) to synchronize its time to an approximation of UTC, typically to within a few milliseconds, by exchanging NTP packets with one or more devices implementing NTP server functionality (server). A server typically includes NTP client functionality. The synchronization process through packets exchange is initiated by the client communicating directly with the server using User Datagram Protocol (UDP) over Internet Protocol (IP) version 4 or version 6 (IPv4 or IPv6). The evaluation of time offset between a client and a server is performed using the two-way time transfer technique described before in Fig. 39 a). No network support for the protocol is assumed between the server and the client, thus packet delay variations and path asymmetries due to different routing in forward and backward direction are expected. The timestamps are typically generated in software, which reduces their precision and accuracy. The timescale used by NTP is based on UTC and the NTP timestamps express the UTC time as the number of seconds and fractions of a second that have elapsed since 1 January 1900. As such, care must be taken to maintain the monotonicity of the perceived time during the leap second events, as described in detail in the documentation published by [NTP ORG, 2025].
As depicted in Fig. 41, NTP uses a hierarchical, semi-layered architecture. It assumes a number of widely accessible primary time servers (stratum 1), each connected to a time source (stratum 0) which is synchronized to UTC, typically via GNSS or a direct connection to a UTC(k) time scales maintained by a national laboratory. A stratum N server (1<N<16) can establish a client-server communication with many stratum N-1 servers and peer-to-peer communication with equal stratum servers. The algorithms specified by NTP take advantage of multiple connections and aim at:
‒	Maintaining multiple connections and correcting the asymmetrical delays of each connection;
‒	Applying filtering to reduce errors;
‒	Detecting abnormal behaviours, such as byzantine failures;
‒	Combining time sources (weighted average value).
These algorithms mitigate errors that may result from network disruptions, server failures, and possible hostile actions. While some security mechanisms are specified in NTPv4 [IETF 2010], their limitations and flaws have been identified. Therefore, Network Time Security was introduced in [IETF, 2020]. It specifies a mechanism for using Transport Layer Security (TLS) and Authenticated Encryption with Associated Data (AEAD) to provide cryptographic security for the client-server communication of the NTP. It allows confirming the identity of the servers that are exchanging time information and protect the transmission of that time information across the network. 
[bookmark: _Toc219367208]6.3.2.3	Precision Time Protocol (PTP)
The IEEE1588 standard, titled “IEEE Standard for a Precision Clock Synchronization Protocol for Networked Measurement and Control Systems”, defines the Precision Time Protocol (PTP). It allows precise in‑band synchronization in distributed systems interconnected with packet networks. The first edition [IEEE, 2002] of this standard was developed for test and measurement (instrumentation and data acquisition), industrial automation and power generation applications, interconnected using IPv4 networks [Eidson, 2006]. Updates included in the second edition [IEEE, 2008] were motivated by adaptation of the standard by other industries, notably telecommunication, and over other transport protocols such as IPv6 and IEEE 802.3 [Jobert et al., 2013]. The third edition of the standard [IEEE, 2019] consolidated its growing use across many industries and in scientific installation [P1588, 2020]. 
The IEEE1588 standard evolved into a flexible framework which can be fine-tuned to the specific needs of different industries. It defines:
‒	The PTP that follows the principles of two-way time transfer described in § 6.3.2.1 and exchanges properties of participating PTP devices, through PTP messages.
‒	PTP device types and their behaviour, e.g. Boundary Clock, Ordinary Clock, and Transparent Clock.
‒	A distributed distance-vector algorithm (BMCA, see section 9.3 in [IEEE, 2019]) that allows the selection of a PTP device that is the source of time/frequency (the Grandmaster) for the other PTP devices, and determination of the synchronization hierarchy. 
‒	The means to extend the basic behaviour of the protocol.
‒	Mappings of the protocol to different transport standards (e.g. IPv4, IPv6 and IEEE802.3/Ethernet).
‒	The concept of PTP Profiles, which allow configuring the protocol to meet the needs of a particular industry, as well as defining new extensions and performance requirements. Industry-specific PTP Profiles are defined in separate documents published by standard-defining organizations (SDOs), such as ITU-T for telecommunication (e.g. PTP Profiles in Recommendations ITU-T G.8265.1, G.8275.1 and G.8275.2), SMPTE for professional broadcast (PTP Profile in ST2059-2 [SMPTE, 2021]), AES and IEEE for Audio/Video (e.g. PTP Profiles in AES67 [AES, 2023] and IEEE 802.1AS [IEEE, 2026]), IEC and IEEE for Power Industry (e.g. PTP Profiles in IEC 62439-3 [IEC, 2021] and IEEE C37.238 [IEEE, 2017]), Avnu and AUTOSAR for Automotive (e.g. Auto-Ethernet-AVB-Func-Interop-Spec or AUTOSAR FO R20-11 [AUTOSAR, 2020]) and LXI and AIA for Test and Measurement (e.g. PTP Profile in LXI 1588 Profile [LXI, 2008]).
‒	Default PTP Profiles which are meant to cover a wide variety of typical industry requirements. 
In a typical PTP network, time is distributed from a single Grandmaster through a packet network to one or more Ordinary Clocks. The Grandmaster is typically connected to an external source of time and frequency providing an approximation of UTC, such as a GNSS-disciplined frequency standard. In a such case, the PTP disseminates the “timescale PTP” (see section 7.2 in [IEEE, 2019]) which is defined as “the elapsed time since the PTP epoch measured using the second defined by International Atomic Time (TAI)” where PTP epoch is 1 January 1970 00:00:00 TAI. The “timescale PTP” is monotonic, and the protocol distributes information about leap seconds so that the PTP devices can provide users information about UTC.
An Ordinary Clock serves either as the Grandmaster or synchronizes its local time to that of the Grandmaster. Between the Grandmaster and the Ordinary Clocks, the network equipment can be either transparent to PTP, forwarding or routing but not processing PTP messages, or it may assist PTP, providing on-path support. There are two types of such assisting PTP devices: a Boundary Clock and a Transparent Clock.
A Boundary Clock (introduced in the first edition [IEEE, 2002]) has multiple PTP Ports. It participates in the BMCA and synchronizes its local time to that of the Grandmaster. It can also serve as the Grandmaster.
A Transparent Clock (introduced in the second edition [IEEE, 2008]) has multiple PTP Ports but it neither participates in the BMCA, nor synchronizes its local time to that of the Grandmaster. Instead, it evaluates the time it takes this Transparent Clock to forward or route certain types of PTP message and introduces this information in the PTP messages so that a receiving Boundary or Ordinary Clock can better estimate the one-way path delay introduced by the network, excluding the Transparent Clock. A Transparent Clock cannot serve as the Grandmaster.
As depicted in Fig. 42, a PTP network consists of a PTP device serving as a Grandmaster and one or more PTP devices, which can be Ordinary Clocks (OCs), Boundary Clocks (BCs), Transparent Clocks (TCs), or any combination thereof. These can be connected directly or through PTP-unaware networking equipment. Each Boundary and Ordinary Clock typically implements a servo loop which synchronizes their local time to that of the adjacent Boundary or Ordinary Clock, higher in the hierarchy established by the BMCA, following the principles of a two-way time transfer, see § 6.3.2.1. Effectively, in a PTP network, all the Boundary and Ordinary Clocks that belong to the same PTP domain (a logic grouping within a PTP network) synchronize their local time to a single Grandmaster. 
Figure 42
A PTP network with different PTP device types and PTP unaware segments
[image: A PTP network with different PTP device types and PTP unaware segments]
In some networking topologies (e.g. ring) where a large number of Boundary Clocks would be chained, the fact that each Boundary Clock implements a servo mechanism with certain characteristics (e.g. loop bandwidth) might result in degraded or unstable synchronization performance. Such topologies are better served by Transparent Clocks.
Notably, the IEEE1588 standard does not define stringent performance requirements for PTP devices and therefore does not guarantee any particular synchronization performance. While it purposely accommodates simple and lightweight implementations (e.g. for embedded devices, sensors or even wall-clocks), the standard includes mechanisms, recommendations, guidelines and examples that allow implementations to achieve accuracy ranging from sub-microsecond to sub-nanosecond, in the case of the High Accuracy Default PTP Profile, see § 6.3.2.5. The main factors that improve synchronization performance to better than achievable by NTP include:
‒	full on-path support (Boundary and Transparent Clocks),
‒	well-defined timestamp generation and wide-spread support of hardware timestamping,
‒	hardware latencies and medium asymmetry correction.
While the IEE1588 standard does not define nor guarantee synchronization performance, such requirements are defined by some of the PTP Profiles. Notable examples include ITU-T profiles described in the next section.
[bookmark: _Toc219367209]6.3.2.4	Distribution of time and frequency in telecommunication networks
The International Telecommunication Union Telecommunication Standardization Sector (ITU-T) is responsible for technical specifications (ITU-T Recommendations) giving shape to global communication infrastructure, including Recommendations concerning network synchronization and time distribution performance in telecommunication networks. Since the 90s, these Recommendations have been under the responsibility ITU-T Study Group 15 [ITU-T SG15]. A short description of high-level concepts is provided in this Handbook for completeness. For more details refer to Technical Flyers in [ITU-T SG15].
[bookmark: _Toc223959620][bookmark: _Toc224029805]Historical background
Syntonization, the adjustment of a frequency to match another frequency, has been important for telecommunication networks since the introduction of the Plesiochronous Digital Hierarchy (PDH) in transport networks and digital switches in Public Switch Telephone Networks (PSTN) in the 1970s. The digital switches had to be locked to a common reference frequency to prevent buffer overflows (so-called slips) due to frequency offsets, driving performance requirements. These requirements were inherited by newer technologies which allowed transport with higher bandwidth over optical fibre networks: Synchronous Digital Hierarchy (SDH) and Synchronous Optical Networks (SONET) introduced in the 1980s, as well as Optical Transport Network (OTN) in the 2000s, and Synchronous Ethernet in the 2010s. Since the introduction of the Global System for Mobile Communications (GSM) in the 1990s, the evolution of mobile networks and the related transport network is the key driver of requirements in telecommunication networks, initially for frequency and later for time/phase dissemination. In mobile networks, the needs are mainly related to the correct generation of radio signals. For an overview of the history of synchronization in telecom network, see chapter 1 of [Jobert et al., 2013].
[bookmark: _Toc223959621][bookmark: _Toc224029806]SyncE: Frequency transfer
Synchronous Ethernet (SyncE) introduces physical layer syntonization to transport frequency over the Ethernet medium in packet networks, the concept described in Fig. 40 and § 6.3.2.1. It also defines the exchange of Synchronization Status Messages (SSM) with information about the frequency reference. In terms of frequency transfer specifications, it is compatible with SDH and SONET, as well as IEEE 802.3 and its applicable interfaces. Relevant ITU-T Recommendations can be found in Fig. 44. 
[bookmark: _Toc223959622][bookmark: _Toc224029807]PTP telecom profiles: Frequency and time/phase transfer
ITU-T has specified three PTP Profiles to cover different deployment scenarios. The PTP Telecom Profile for Frequency allows frequency transfer using PTP messages over network segments without SyncE support, using the method explained in § 6.3.2.1, Fig. 39 b). The two PTP Profiles for Time/Phase allow frequency and time transfer combining SyncE-based frequency transfer and PTP-based time transfer, see Fig. 43. The first profile assumes full timing support (PTP and SyncE) from the network while the other allows partial timing support. Relevant ITU-T Recommendations can be found in Fig. 44.
Figure 43
PTP synchronization and SyncE syntonization in the PTP Profile for Time/Phase with full timing support
[image: PTP synchronization and SyncE syntonization in the PTP Profile for Time/Phase with full timing support]

[bookmark: _Toc223959623][bookmark: _Toc224029808]Primary references: Frequency and time sources
Mobile communication relies on frequency, and increasingly often time/phase, provided by telecommunication networks. Adjacent mobile equipment might be connected to different sources of frequency and time/phase while requiring certain level of frequency and time/phase alignment among them. As such, ITU-T not only provides recommendations for the frequency and time/phase transfer over telecommunication networks but also specifies performance of frequency and time source with respect to a common reference, i.e. UTC. These specifications define characteristics of frequency sources called Primary Reference Clocks (PRC) and Enhanced Primary Reference Clocks (ePRC), as well as frequency and time/phase sources called Primary Reference Time Clocks (PRTC), Enhanced Primary Reference Time Clocks (ePRTC) and Coherent Network Primary Reference Time Clocks (cnPRTC). Relevant ITU-T Recommendations can be found in Fig. 44.
The above-mentioned references for telecommunication networks, such as PRC, ePRC, PRTC, ePRTC, cnPRTC, effectively rely on the dissemination, reception and exchange of standard frequency and time signals as defined by ITU-R.







Figure 44
Summary of ITU-T Recommendations relevant for frequency and time/phase transfer over packet networks[footnoteRef:6] [6:  	Published by ITU-T Q13/15, URL from November 2025: https://www.itu.int/en/ITU-T/studygroups/2022-2024/15/Documents/flyers/Flyer_ITU-T_Overview-Question13.pdf ] 

[image: Summary of ITU-T Recommendations relevant for frequency and time/phase transfer over packet networks]
[bookmark: _Toc219367210]6.3.2.5	White Rabbit and High Accuracy PTP
White Rabbit (WR, [WR, 2021; Wlostowski, 2011; Lipinski et al., 2011]) is an open-source implementation of the IEEE1588 standard which provides sub-nanosecond synchronization over Ethernet fibre-optic links. WR combines PTP (see § 6.3.2.4) and its two-way time transfer with 
‒	physical layer syntonization (similar to SyncE described in § 6.3.2.2) to ensure accurate frequency transfer without increased PTP message rate and allow phase comparison between received and transmitted frequencies (see Fig. 43). Unlike the PTP Profile for Time/Phase with Full Timing Support defined in [Recommendation ITU-T G.8275.1], in WR, the PTP synchronization and physical layer syntonization are coherent and follow the same hierarchy (see and compare Figs 43 and 45);
‒	phase detection, in particular Digital Dual Mixer Time Difference (see § 4.3.2 and [Moreira, 2010]), to improve timestamping precision of PTP messages (t1, t2, t3, t4 in § 6.4.2.1);
‒	link delay model which allows correction of medium and hardware asymmetries through their online estimation and/or careful calibration [Daniluk, 2015].
Figure 45
PTP synchronization, physical layer syntonization, phase detection in WR/HA
[image: PTP synchronization, physical layer syntonization, phase detection in WR/HA]
These techniques require support from the protocol and impose functional requirements on the PTP device hardware implementation. They are specified in [Cota, 2011] which defines the “White Rabbit” PTP Profile (WR Profile), describes its PTP enhancements and the required hardware support and implementation. 
The above constituted an input to the P1588 Working Group responsible for IEEE1588 standard development. The study of the enhancements introduced by WR resulted in their generalization and inclusion into the third edition of the IEEE1588 standard [IEEE, 2019], a process detailed in [Lipinski, 2022]. This edition defines in Annex I.5 a new “High Accuracy Request-Response Default PTP Profile” (HA Profile). This profile mandates support of a number of WR-inspired optional features (see Annex L, sections 16.7, 16.8, 17.6 and 9.2.2.2 in [IEEE, 2019]), as well as support of calibration procedures (see Annex N in [IEEE, 2019]). As described in § 6.3.2.4, the IEEE1588 standard does not include performance requirements. However, [IEEE, 2019] provides in Annex M an example of the HA Profile implementation that achieves synchronization performance equivalent to that of the WR Profile. In fact, the two profiles, WR and HA, require identical hardware support and differ only in terms of the protocol. The implementation of both profiles is made available by CERN (European Organization for Nuclear Research) and collaborators under open-source licenses (hardware, firmware, software, gateware – see [WR, 2025]) and the term “White Rabbit” is now used to refer to this implementation of both profiles.
White Rabbit requires full on-path support with Boundary or Ordinary Clocks inter-connected by direct fibre optic links. It assumes single-mode single fibre and uses a different wavelength in each direction within the fibre. Typically, the IEEE 802.3ah 1000BASE-BX10 standard is followed with optical modules (Small Form-Factor Pluggable, SFP) transmitting at 1 490 and 1 310 nm, allowing to reach up to 20 km. White Rabbit is also suitable for Coarse Wavelength Division Multiplexing (CWDM) and Dense Wavelength Division Multiplexing (DWDM) as demonstrated in [McKenzie, 2024; Kaur, 2022; Boven, 2018], with fibre links up to 170 km. The longest WR link to date is the 950 km link between Espoo and Kajaani in Finland [Dierikx, 2016]. It is realized in a dual fibre using the same wavelength for communication in both directions and, after calibration, was verified to agree with GPS Precise Point Positioning (PPP) measurements within 2 ns, as described in [Dierikx, 2016].
In terms of time transfer, the performance of White Rabbit is limited by:
‒	the repeatability of time/phase offset between WR devices over resets or link re-establishing, which has been measured in [Hazell, 2024] to be peak-to-peak below 22 ps, 
‒	uncertainty of calibration which is impacted by repeatability of time/phase offset and part-to-part variation,
‒	temperature dependence of parameters which WR assumes to be constant, such as chromatic dispersion, transmission wavelengths or hardware delays. Their magnitude depends on the link length, type of SFP used and WR device design [Boven, 2018].
On up to 10 km links using 1 490 nm and 1 310 nm or up to 100 km links using adjacent DWDM channels, accuracy better than 100 ps per link can be expected.
Figure 46 depicts the relative frequency instability, expressed by the Modified Allan Deviation (MDEV), and phase noise measured in [Rizzi, 2018] at the 10 MHz output of a WR Grandmaster (GM) connected to a frequency standard, and 10 MHz output of a WR Boundary Clock (BC) connected to this Grandmaster with 10 km link using 1490 nm and 1310 nm. Two classes of devices are distinguished: Class I – basic and Class II – low jitter, see Fig. 46.
Figure 46
Relative frequency instability (Modified Allan Deviation, MDEV) and phase noise measured in [Rizzi, 2018] for the Grandmaster (GM) and Boundary Clock (BC) connected to it over 10 km fibre. 
Two classes of devices are distinguished: Class I – basic and Class II – low jitter
[image: Relative frequency instability (Modified Allan Deviation, MDEV) and phase noise measured in [Rizzi, 2018] for the Grandmaster (GM) and Boundary Clock (BC) connected to it over 10 km fibre. 
Two classes of devices are distinguished: Class I – basic and Class II – low jitter
]
This performance can be improved and longer DWDM links used, as illustrated in [Kaur, 2017] where a cascade of five WR devices (modified PLL bandwidth and packet rate) interconnected using 125 km DWDM links shows results depicted in Fig. 47.
Figure 47
Relative frequency instability (Allan Deviation, ADEV) at the output of a cascaded 500 km WR link, compared with the output of a GPS disciplined oscillator, reported in [Kaur, 2017]
[image: Relative frequency instability (Allan Deviation, ADEV) at the output of a cascaded 500 km WR link, compared with the output of a GPS disciplined oscillator, reported in [Kaur, 2017]]
[bookmark: _Toc219367211]6.3.2.6	Other solutions
Other solutions for time and frequency transfer in computer and telecommunication networks exist, which are typically proprietary and non-standard. Examples are provided below. 
[bookmark: _Toc223959624][bookmark: _Toc224029809]Dynamic Synchronous Transfer Mode (DTM)
The Dynamic Synchronous Transfer Mode (DTM), described in [Danielson, 2014] is a transmission system employing time division multiplexing and a circuit-switching network technology. It is designed to provide a guaranteed quality of service for streaming video services but can be used for packet-based services as well. The DTM builds on the Time Division Multiplex principle, using 8 kHz frame rate to be compatible with telecommunication infrastructure and 64-bit data-slots. Frames are continuously exchanged between nodes and the starting channels of the frames in both directions hold among other things node time, local time, leap second information, and correction factors. Synchronization between network elements is achieved using the two-way time transfer technique described in Fig. 39 a) in combination with asymmetry estimation which takes advantage of the meshed topology of the network. DTM has been implemented in 15 DVB-T networks in Sweden, the largest covering 800 nodes. With a bi-directional exchange of information between nodes, two-way time transfer can be achieved. With this technique in a controlled environment, in which all network nodes and links are under control of one operator, time transfer at a level of a few ten-nanosecond level is achievable.
[bookmark: _Toc223959625][bookmark: _Toc224029810]Precision TimeNet
Precision TimeNet [Tecknexus, 2024] is an overlay synchronization technique which can run over public managed IP networks. As its basis, it follows the principles of the two-way time transfer technique described in Fig. 39 a). It uses high and adjustable packet rates (500‑40 000+ packet per second) and sizes to handle packet delay variations, as well as intelligent filtering algorithms with adjustable filter bands. It takes advantage of meshed network topology to mitigate asymmetries and includes mechanisms to detect and mitigate synchronization deterioration due to reconfiguration of underlying networks. It is used for Digital Terrestrial Television networks as well as telecommunication networks as basis for 5G infrastructure, e.g. in Sweden and Turkey.
[bookmark: _Toc219367212][bookmark: _Toc223959626][bookmark: _Toc224026012][bookmark: _Toc224029811][bookmark: _Toc224030246]6.4	Specialized high accuracy fibre-based services
[bookmark: _Toc219367213][bookmark: _Toc223959627][bookmark: _Toc224026013][bookmark: _Toc224029812][bookmark: _Toc224030247]6.4.1	Modulation-based: ELSTAB
ELSTAB is a commercial high-accuracy time and frequency transfer and distribution technology using a single-mode fibre. This technology was developed by AGH University of Science and Technology in Kraków, Poland [Krehlik et al., 2016]. It allows stabilization of the propagation delay of the fibre link using two variable and matched electronic delay lines, as depicted in Fig. 48. An ELSTAB-based time and frequency transfer link is composed of local and remote modules interconnected by a fibre link. Such a link may include several specialized bi-directional optical amplifiers necessary to compensate losses due to the fibre attenuation, and thus extend the link range from up to 100 km (without amplifiers) to 700-800 km (with amplifiers) [Krehlik et al., 2016]. 
The link delay stabilization employs a bi-directional transmission of an intensity-modulated light within a single fibre. In the local module, the input frequency signal (10 MHz in standard configuration) and time signal (1 PPS or 100 PPS) are combined in the coder (see Fig. 48). The integrated signal passes the variable delay block, then is converted to the optical domain, and feeds the fibre through the optical multiplexer. In the remote module, the signal is retransmitted back to the local module where, after passing the second variable delay block and the decoder, it is then phase-compared with the forward-direction signal. Its output tunes the delay lines to make the round-trip propagation delay constant. This simultaneously makes the delay of the time/frequency signals delivered to the output terminals of the remote module constant, which is possible because the delay fluctuations are nearly the same in both directions of the same optical fibre. The variable delay blocks consist of continuously tuned (analogue) delay lines, covering 100 ns of compensation, and switched (digital) delay modules providing additional 2000 ns of compensation. The combined compensation range of 2 100 ns is fully seamless in operation. Such tuning range is adequate for compensating delay fluctuations caused by seasonal temperature variations over distances exceeding 1 000 km. The optical bandwidth used by the system corresponds to two ITU channels separated by 100 GHz.
Figure 48
Simplified block diagram of the ELSTAB system
[image: Simplified block diagram of the ELSTAB system]
The propagation delay introduced by the link is not only constant and stable but can also be accurately determined performing the measurement of the round-trip delay and the asymmetry caused by the chromatic dispersion of the fibre. Both measurements can be performed using the PPS REF(erence) and PPS RET(urned) terminals available at the local module [Sliwczynski et al., 2019] (respectively PPS IN and PPS RET in Fig. 48). If required, the delay between the input and output PPS signals (respectively PPS IN and PPS OUT in Fig. 48) can be aligned with 1 ps resolution by setting the appropriate value in the advancer located in the remote module. 
The ELSTAB technology can provide time distribution accuracy of a few to several dozens of picoseconds depending on the particular link length and the number of concatenated links involved (see, e.g. [Sliwczynski et al., 2019] for calibration campaign results). The frequency distribution performance (ADEV) is provided at a level of about 1.5 × 10−13 at 1 s averaging, improving to a few times 10−17 at one day. As an example, for the ELSTAB system consisting of 11 amplifiers and having total length of 615 km, described in [Krehlik et al., 2016], the reported performance is depicted in Fig. 49.
Figure 49
Relative frequency instability measured at the remote output of ELSTAB links: 615 km with 11 amplifiers (left) and 60 km with no amplifiers (right)
[image: Relative frequency instability measured at the remote output of ELSTAB links: 615 km with 11 amplifiers (left) and 60 km with no amplifiers (right)]
A dispersion insensitive version of the ELSTAB system is also available in order to simplify the link calibration. In this solution, the asymmetry caused by fibre’s chromatic dispersion is mitigated by using additional optical path, increasing the occupied optical bandwidth to three ITU channels [Sliwczynski et al., 2024]. The performance of this dispersion insensitive version is only slightly worse compared to the standard one: the ADEV is degraded to 5.510−17 from 3.5 × 10−17 after 104 s averaging for 120 km long link with one amplifier.
The ELSTAB technology is used worldwide by many National Metrological Institutes and other time laboratories, among other places, in USA, Germany, United Kingdom, Brazil, South Korea and Poland. It is also considered for applications in telecommunication systems [Sliwczynski et al., 2020].
[bookmark: _Toc219367214][bookmark: _Toc223949996][bookmark: _Toc223950446][bookmark: _Toc223950614][bookmark: _Toc223951050][bookmark: _Toc223951185][bookmark: _Toc224026014][bookmark: _Toc224029813][bookmark: _Toc224030248]6.4.2	Optical carrier-based
[bookmark: _Toc219367215]6.4.2.1	Ultra-stable optical frequency transfer
Ultra-stable optical frequency transfer refers to the family of techniques used to convey the frequency of an ultra-stable laser over long-haul, single-mode optical fibres. In these schemes, it is the frequency of the optical carrier itself – not an embedded modulation – that is preserved and disseminated. Such transfers rely primarily on heterodyne detection methods (see § 4.7).
This subsection first outlines the physical origins of noise and fluctuations introduced by fibre propagation and clarifies the nature of the active compensation applied to mitigate them. It then reviews the principal link architectures and optical amplification strategies in current use (without attempting an exhaustive survey). A comprehensive review covering optical frequency transfer over both fibre and free-space links was recently published [Caldwell et al., 2025]. This work provides an excellent, carefully documented, and nearly exhaustive treatment of the subject, making it a valuable reference for interested readers. Finally, the typical performance levels and achievable ranges demonstrated in state-of-the-art systems are summarized.
[bookmark: _Toc219367216]6.4.2.2	Delay and delay variations
The one-way propagation delay of light in a fibre of physical length  and refractive index  is:
			(6-7)
where  is the speed of light in vacuum. In practice, both the refractive index and the physical length of the fibre are not constant but vary over time, leading to delay fluctuations. The key contributions can be summarized as follows:
The optical length  varies with time. The dominant contribution arises from fluctuations of the refractive index , while variations of the physical length  provide a second-order term. These fluctuations are primarily driven by acoustic perturbations on short time scales and by thermal effects on intermediate and long time scales. The principal coefficients characterising these dependencies are [Cohen and Fleming, 1979; Stowe et al., 1982; Imaoka and Kihara, 1992; Froggatt and Moore, 1998]:
			(6-8)
and where longitudinal strain is defined as . These parameters quantify how temperature variations, mechanical strain, and environmental perturbations modulate the effective propagation delay. An additional term arises from the fibre’s birefringence, since the counter-propagating optical waves traverse the link with mutually orthogonal polarizations.
Phase fluctuations  in the optical carrier directly induce frequency fluctuations,
			(6-9)
which can equivalently be expressed as a Doppler shift. If the optical path length varies with an effective velocity , the received frequency becomes:
			(6-10)
since variations in propagation delay  correspond to
			(6-11)
The mechanical coupling of the fibre to the ground renders it sensitive, via the Doppler effect, to ground vibrations. At short measurement intervals, ranging from approximately 1 ms to several tens of seconds, the PSD is dominated by Doppler-induced fluctuations and multiple scattering processes. For longer integration times, typically beyond 100–1 000 s, environmental effects such as temperature and humidity variations become the primary contributors to phase noise or phase wandering.
[bookmark: _Toc219367217][bookmark: delay-and-delay-variations][bookmark: free-running-phase-noise]6.4.2.3	Free-running phase noise
It is useful to describe the phase noise of a free-running fibre link, i.e. the uncompensated link. The single-sideband phase noise, PSD, can be expressed as:
			(6-12)
where  is the one-way physical length of the fibre,  is the group velocity, and  is the local phase noise density (in rad2/Hz per unit length). This formulation emphasises that the fibre does not contribute uniformly along its span:  is position dependent because the environmental excitation spectrum varies with location. For instance, fibre segments in urban corridors or near railways and highways experience stronger acoustical and mechanical perturbations than rural sections, whereas submarine fibres exhibit markedly reduced noise [Fujieda et al., 2010; Clivati et al., 2018; Marra et al., 2022; Tønnes, 2022; Husmann et al., 2024; Zhou et al., 2025]. Examples are given in Fig. 50. 
Figure 50
Phase noise per unit of length for various in-field implementation of coherent fibre link
[bookmark: fig:LinearPhaseNoiseDensity][image: Phase noise per unit of length for various in-field implementation of coherent fibre link]
Note to Fig. 50: Literature reports value ranging 10−4 to 103 rad2/Hz/km between submarine link and link in urban area, as in Tokyo, London or Shangai (from [Clivati et al., 2018]). 
One observes from equation (6-12) that the integrated phase fluctuations grow quadratically with the total link length, i.e. . This scaling should be regarded only as a rule of thumb, since the linear noise density is not constant along the fibre span.
In ultra-stable optical frequency transfer, several important points follow. The phase noise spectrum is typically dominated by a combination of white phase noise and white frequency noise, particularly for Fourier frequencies below about 10 Hz [Tønnes, 2022]. The modulation index, defined as the peak-to-peak amplitude of the phase variation, can become much greater than unity () on long-haul fibre links, indicating large excursions in optical phase.
Active compensation systems act to cancel the fibre-induced phase fluctuations, such that:
			(6-13)
where  represents the one-way fibre’s accumulated phase noise and  is the applied correction. Within a closed-loop configuration, the counter-propagating optical waves are phase-aligned at the detection point, but only up to an unknown static phase offset. This means the compensation stabilises the variation of the link delay but does not reveal its absolute value. The accumulated time error, , is obtained by integrating the relative frequency fluctuations over time:
			(6-14)
where  and  is the nominal optical frequency.
NOTE – For terrestrial fibre links spanning hundreds of kilometres, typical uncompensated delay variations can range from a few picoseconds over short time scales (seconds to minutes) up to several nanoseconds over diurnal cycles. These correspond to phase excursions of many tens to hundreds of radians at optical frequencies (~200 THz).
[bookmark: _Toc219367218][bookmark: stabilization-techniques]6.4.2.4	Stabilization techniques
[bookmark: _Toc224029814][bookmark: underlying-hypothesis]Underlying hypothesis
The following discussion assumes that the transmission path is reciprocal, meaning that the linear phase noise accumulated in the forward direction is equal to that accumulated in the reverse direction. Specifically, it is assumed that the servo loop effectively divides the round-trip phase noise by two, thereby compensating only for reciprocal noise. Consequently, any non-reciprocal noise or asymmetrical phase shifts cannot be corrected by this stabilization mechanism. All results and analyses presented here are therefore valid only under the assumption of path reciprocity. Deviations from this assumption lead to unmitigated statistical and systematic errors.
[bookmark: active-noise-cancellation]Active noise cancellation
The basic principle of fibre-link stabilization is illustrated schematically in Fig. 51.
Figure 51
Schematic of an active optical frequency transfer link. AOM: acousto-optic modulator. FM: Faraday mirror
[bookmark: fig:ultrastable_transfer_ANC_generic][image: Schematic of an active optical frequency transfer link. AOM: acousto-optic modulator. FM: Faraday mirror]
The optical path is arranged as a strongly imbalanced Michelson interferometer: one arm contains the long-haul fibre under test, while the short reference arm is kept local. Faraday mirrors, rather than simple mirrors, are used to automatically align the polarization states upon reflection, maximising interference contrast and reducing polarization-induced fading  [Pistoni and Martinelli, 1991]. Acousto–optic modulators (AOMs) are inserted to frequency-shift the optical signals, enabling heterodyne detection of the returning light. The beat note is compared to a stable reference in a phase-locked loop (PLL), which drives the AOM frequency to cancel phase fluctuations induced by the fibre. This configuration provides a direct measurement of the round-trip phase noise, which is used for active noise cancellation on the forward path. The details of heterodyne detection, tracking oscillators, and narrow-bandwidth detection strategies have already been described in § 4.1 and are directly applicable here. Using Faraday mirrors at the remote end ensures automatic realignment of the polarization.
Under these conditions, the detected signal contains both the fibre-induced round-trip phase noise and the laser’s intrinsic noise auto-correlation, expressed as:
			(6-15)
where  represents the fibre’s round-trip noise and  is the laser phase at the emission time. The subtraction term  reflects the fact that the same laser field is sampled again after a full round trip, producing an auto-correlation of the laser phase noise separated by twice the one-way delay . The correction is implemented through frequency shifting of the optical signal. By monitoring the correction signal applied to the AOMs, one effectively records the free-running fibre noise with the opposite sign. The compensation process operates continuously. The feedback is delayed by at least twice the one-way propagation time. This represents an unusual situation in which the optical delay significantly exceeds the electronic delay, which is typically the case for links longer than a few kilometres.
According to servo loop theory, the feedback loop gain is set to be smaller than . Under this limit, determined by the propagation speed of light in the medium, and assuming no other technical limitations dominate, the phase noise power spectral density of the compensated link is given by (Newbury et al., 2007):
			(6-16)
where  is the PSD of the free-running (uncompensated) link,  is the one-way propagation delay, and  is the Fourier frequency.
Figure 52
End-to-end phase noise measurement on an 86-km link. The servo peak at  is clearly seen (from [Jiang et al., 2008])
[bookmark: fig:Plot_CompensatedLink_86km][image: End-to-end phase noise measurement on an 86-km link. The servo peak at 1/4/τ is clearly seen (from [Jiang et al., 2008])]
Figure 52 shows the experimentally recorded phase noise power spectral density of a folded 86-km fibre link in an urban environment. The folded configuration enables simultaneous observation of both the free-running fibre noise and the compensated noise at the local end. The red trace corresponds to the uncompensated fibre noise, while the black trace represents the noise after compensation. The phase noise exhibits a rapid increase, scaling approximately as  between 10 Hz and 100 Hz, and as  from 100 Hz up to a few kHz. Following the servo bump at , the compensated link displays an almost flat PSD, characteristic of white phase noise in a coherent optical fibre link.
[bookmark: _Toc224029815]End-to-end measurements, illustrated in Fig. 53
After the photodiode, the signal passes through the front-end electronics and a narrow-band filter, often followed by a tracking oscillator (see § 4.1). For the evaluation of mid- and long-term performance, the filtered beat notes are recorded using a dead-time-free frequency counter, typically operated with a one-second gate time.
Two main counter operating modes are commonly employed. In -mode, the counter measures the full bandwidth determined by its sampling rate, which for most modern counters ranges from approximately 1 kHz to several MHz. In -mode, the counter applies a weighted averaging function with a triangular shape (resembling the Greek letter ); this mode effectively filters out noise above , where  is the gate time.
Figure 53
End-to-end measurement
[bookmark: fig:SketchEnd2EndMeasurement][bookmark: end-to-end-measurements][image: End-to-end measurement]
Note to Fig. 53: Laser light is transmitted from the local end to the remote end via the primary (top) fibre. A second fibre link (bottom) then returns the light to the local end. By generating a beat note between the original local laser and the twice-transferred light, the stability and accuracy of the link can be evaluated.
In the literature, frequency stability is reported either as the Allan deviation (ADEV) or, in some cases, as the modified Allan deviation (MDEV) (see Chapter 2). The impact of the counter’s operating mode and the choice of data processing on the reported stability is illustrated in Fig. 54.
Figure 54
End-to-end stability of uncompensated and compensated optical fibre link, for counters operated in - and -mode. 
Modified Allan deviation (MDEV) and Allan Deviations (ADEV) are computed from the same data set
[bookmark: fig:Plot_ADEV_MDEV_Lambda_Pi_Counting][image: End-to-end stability of uncompensated and compensated optical fibre link, for counters operated in Π- and Λ-mode. 
Modified Allan deviation (MDEV) and Allan Deviations (ADEV) are computed from the same data set
]
One can clearly observe the effect of the reporting mode: in -mode, the measurement bandwidth is 500 Hz, whereas in -mode it is 0.5 Hz. The narrower bandwidth in -mode reduces the noise power, increases the signal-to-noise ratio, and improves the short-term stability. For pure white phase noise, a reduction by a factor of 10 is expected, which is nearly achieved in Fig. 54. As also expected for white phase noise, the Allan deviation (ADEV) decreases proportionally to , while the modified Allan deviation (MDEV) follows a  dependence.
[bookmark: two-way-techniques]Two-way techniques
An alternative to active compensation schemes is the use of passive cancellation techniques. Inspired by satellite methods introduced by Hansson in the late 1980s, one can arrange for reciprocal transmission of light along the same fibre [Hanson, 1989; Lopez et al., 2010; Calosso et al., 2015]. The experimental setup is depicted in Fig. 55. At both the local and remote ends are ultra-stable lasers and Michelson interferometers. The light from each laser propagates in opposite directions along the fibre. At each end, the beat note between the local laser and the transmitted light is detected, filtered in a narrow band, tracked, and counted. The data are then exchanged during post-processing.
Figure 55
Schematic of a passive optical frequency transfer link. AOM: acousto-optic modulator. FM: Faraday mirror. PC: Polarization controller
[bookmark: fig:ultrastable_transfer_TW_generic][image: Schematic of a passive optical frequency transfer link. AOM: acousto-optic modulator. FM: Faraday mirror. PC: Polarization controller]
At the photodiodes, the phases of the two beat-notes  and  are given by:
			(6-17)
where  and  denotes the optical phase of the laser  and ,  and  represents the accumulated phase noise on the fibre from west to east and east to west respectively. One can compute the sum and difference of these observables. The half-difference reads:
			(6-18)
which corresponds to the phase comparison between the two distant ultra-stable lasers.
The half-sum is given by:
			(6-19)
which represents the one-way fibre noise under the assumption of reciprocity. Thus, from these two measurements, the system allows simultaneous evaluation of both the laser comparison and the free-running fibre noise.
In such a two-way setup, the light travels only half the distance compared to an active compensation system. In other words, there is no true round-trip; the two one-way signals are later combined in post-processing to form an effective two-way measurement. As a result, the phase noise power spectral density rejection factor is four times greater and is given by:
			(6-20)
Without entering into details, it is also possible to implement a unidirectional system. A simplified sketch is displayed in Fig. 56. In this configuration, no Michelson interferometer is required; instead, the setup relies on two fibre couplers and polarization controllers to optimize the beat notes, along with the same set of acousto-optic modulators (AOMs) to perform heterodyne detection and resolve multiple-path ambiguities.
Figure 56
Sketch of a passive optical frequency transfer link, so called uni-directional two-way
[bookmark: fig:ultrastable_transfer_TWU_generic][image: Sketch of a passive optical frequency transfer link, so called uni-directional two-way]
AOM: acousto-optic modulator. PC: Polarization controller.
Note to Fig. 56: The data link to perform the comparison in post-processing is not shown for sake of clarity.
Each photodiode detects two beat notes: one arising from the interference between the local laser and the light transmitted along a given one-way path, and another corresponding to the beat note of the local laser with the light propagating along the round-trip path. Passive cancellation of propagation noise can be achieved by exchanging data, as in the previously described scheme. In addition, because the light from each laser returns to its point of origin after completing the loop, this configuration allows the propagation noise to be cancelled without the need for data exchange. Since the light propagates in two distinct fibres, the noise correlation between the two signals is reduced, leading to significantly lower noise rejection. Detailed descriptions of such implementations can be found in [Bercy et al., 2014].









Figure 57
Stability performance comparison between active and passive stabilization scheme for a 92 km long link
[bookmark: fig:example][image: Stability performance comparison between active and passive stabilization scheme for a 92 km long link]
ANC: Active Noise Cancellation. TWB: Two-Way Bi-directional. TWU: Two-Way Uni-directional [Bercy et al., 2014].
Figure 57 shows a comparison of two passive and active noise cancellation techniques implemented on the same fibre setup. The unidirectional two-way configuration illustrates the impact of reduced correlation between the fibre noise in the two fibres, even when they are housed within the same cable. The plot demonstrates excellent agreement between the experimental results and theoretical predictions.
Active and passive noise compensation techniques can be effectively combined to create so-called hybrid link architectures. Such configurations may be employed to compare two links at the crossover point between networks, to simplify the complexity of end-to-end measurements, or to investigate the fundamental performance limits of fibre links [Xu et al., 2018; Xu et al., 2021].
[bookmark: _Toc219367219][bookmark: cascaded-links]6.4.2.5	Cascaded links
A fundamental limitation in long-distance optical frequency transfer arises from the finite speed of light in the fibre, which sets the position of the  servo peak. Since the phase noise scales at least as , and in some cases as , this limitation not only constrains the bandwidth of the servo loop but also determines the total amount of noise that must be compensated. Consequently, the longer the fibre link, the more noise needs to be corrected, and the compensation becomes increasingly inefficient.
Figure 58
Principle of cascaded link. A long-haul link is subdivided into a sum of smaller spans
[bookmark: fig:CascadedLink_principle][image: Principle of cascaded link. A long-haul link is subdivided into a sum of smaller spans]
A practical approach to mitigate this problem is the implementation of a daisy-chain, or so-called cascaded link, in which a long fibre span is subdivided into shorter segments, typically ranging from 200 to 600 km each. This strategy reduces the accumulated phase noise in each segment and shortens the effective propagation time, improving the efficiency of noise suppression, see Fig. 58. Cascaded links have been successfully demonstrated in both the RF and optical domains, and they are compatible with C- and L-band operation [Fujieda et al., 2010; Lopez et al., 2010; Husmann et al., 2021]. Moreover, the technique can be implemented alongside standard amplification schemes such as EDFAs, Raman amplifiers, and fibre Brillouin amplifiers, and even using on-chip interferometers for integrated setups [Koke et al., 2019; Akatsuka et al., 2020]. The concept can be extended to multiple input/output, by designing a multi-branch Michelson interferometer [Cantin et al., 2021].
Figure 59
Schematic of a cascaded optical frequency transfer link
[bookmark: Xe174d476a060fd42e493d21170d10068c3d94cd][image: Schematic of a cascaded optical frequency transfer link]
AOM: acousto-optic modulator; FM: Faraday mirror; PC: polarization controller.
Figure 59 presents a simplified schematic of a cascaded link. A cascaded link typically includes at least two Michelson interferometers within a so-called repeater laser station. One interferometer is used to phase-lock the remote laser to the incoming light from span , while the other phase-locks the light for span N+1. The laser locked to the incoming signal emits light backwards, allowing the stabilization of the link to be performed at the local end. The polarization of the light exiting the link must be adjusted to maximize the beat note. Typically, a small portion of the remote laser’s output is preserved for user access. To ensure efficient operation, such systems generally incorporate remote control and monitoring, automatic operation, and automatic polarization control. Thanks to the heterodyne detection technique, these systems can operate with very low input power, down to approximately −60 dBm.
Figure 60
PSD of phase noise for a 4-spans cascaded link (from [Chiodo et al., 2015])
[bookmark: fig:CascadedPhaseNoise][image: PSD of phase noise for a 4-spans cascaded link (from [Chiodo et al., 2015])]
Due to the cascaded nature of the operation, the residual phase noise from span N is transferred as input noise to span N+1. Figure 60 presents the experimental observation of this effect. This phenomenon imposes a practical limit on the number of repetitions that can be implemented. Simulations indicate that a maximum reach of approximately 2 200 km is feasible (Tønnes, 2022). In practice, such distances have already been achieved – for example, on the link connecting Paris (France) to Torino (Italy) [Clivati et al., 2022].
These technologies have been transferred to industry and are now commercially available as off-the-shelf components. Typical performance for an industrial system is shown in Fig. 61.





Figure 61
Relative frequency deviation (Allan deviation and Modified Allan Deviation) at the output of the first industrial grade repeater laser station for a 2-spans cascaded link of 680 km [Guilloou-Camargo et al., 2018]
[bookmark: fig:AllanDevExailRLS][image: Relative frequency deviation (Allan deviation and Modified Allan Deviation) at the output of the first industrial grade repeater laser station for a 2-spans cascaded link of 680 km [Guilloou-Camargo et al., 2018]]
[bookmark: _Toc219367220]6.4.2.6	Amplification techniques
Optical amplification plays obviously a critical role in long-haul coherent optical frequency transfer and cascaded link systems, as it compensates -partly- for fibre attenuation. Among the most widely used technologies are the erbium-doped fibre amplifier (EDFA), the semiconductor optical amplifier (SOA) or booster optical amplifier (BOA), Raman amplifiers (RA), and Fibre Brillouin Amplifiers (FBA). Each of these technologies offers distinct performance characteristics in terms of achievable gain, noise figure, and operational bandwidth. A comparison of their typical performance is provided in Table 19, which summarizes indicative values reported in the literature and observed in practice.
Table 19
Comparison of common optical amplification technologies 
	[bookmark: tab:OpticalAmplifiersComparison]Technology
	Gain 
(dB)
	Noise figure 
(dB)
	Bandwidth 
(GHz)

	EDFA (C-band)
	10-20
	4-6
	3 750-5 000

	EDFA (L-band)
	10-20
	4-6
	10 000

	SOA/BOA
	10-20
	6-8
	6 250-12 500

	RA
	15-25
	4-7
	12 500

	FBA
	40-60
	< 2
	0.01

	EDFA: Erbium-Doped Fibre Amplifier
SOA/BOA: Semiconductor/Booster Optical Amplifier / Booster Optical Amplifier. 
RA: Raman Amplifier
FBA: Fibre Brillouin Amplifier


Note to Table 19: Values are indicative and may vary depending on implementation.
Interested readers may consult several standard references for detailed descriptions of classical (telecom) optical amplifier architectures, pumping schemes, and the associated energy-level diagrams. Erbium-doped fibre amplifiers are extensively treated in Desurvire’s classic monograph [Desurvire, 1994], as well as in Keiser’s textbook on fibre-optic communications [Keiser, 2015]. Distributed Raman amplification is well covered in Ter-Mikirtychev’s comprehensive text [Ter-Mikirtychev, 2014]. Details on FBA designs are reported in [Grosche et al., 2009].
These amplification schemes differ not only in performance but also in their practical implementation. Phase preservation (low added phase noise) and bidirectionality are crucial. Solutions reported in the literature include fibre Brillouin amplification (using the fibre itself as the gain medium, efficient and bi-directional for small pump powers) [Grosche et al., 2009], in-line Raman amplification (distributed gain) (Clivati et al., 2015), and specialized bidirectional EDFA schemes or repeater laser stations that recover phase without breaking the link [Lopez et al., 2010]. CLONETS reports discuss these tradeoffs [CLONETS Consortium, 2018].
EDFAs remain the standard choice for long-haul telecommunications despite their reduced gain thanks to their compatibility with C- and L-band transmission. SOAs and BOAs, while offering lower gain and higher noise figures, are valued for their compactness and ease of integration into photonic circuits [Pinkert et al., 2015]. Raman amplifiers provide distributed gain directly within the transmission fibre, offering improved gain and noise performance [Clivati et al., 2015]. In all these cases, due to the bidirectional operation and the necessity to avoid self-oscillation, the achievable gain with bi-directional version of these amplifiers is usually between 10 to 20 dB, much below the standard of regular telecom techniques (20-25 dB).
Brillouin amplifiers, with their exceptionally low noise figures, narrow gain bandwidths, and high gain, are best suited for ultra-stable optical frequency transfer where spectral purity is paramount [Grosche et al., 2009]. Figure 62 reports the achievable gain for EDFA and FBA. Together, these technologies provide a range of options to optimize performance for specific link configurations and operational requirements.
Figure 62
Comparison of the gain of EDFA uni-directional, EDFA bi-directional and FBA
FBA achieves superior gain with excellent noise figure, as it is also very narrow band [Terra et al., 2010]
[image: Comparison of the gain of EDFA uni-directional, EDFA bi-directional and FBA
FBA achieves superior gain with excellent noise figure, as it is also very narrow band [Terra et al., 2010]
]
[bookmark: _Toc219367221][bookmark: amplification-techniques][bookmark: compatibility-with-parallel-data-traffic]6.4.2.7	Compatibility with parallel data traffic
Erbium-doped fibre amplifiers (EDFAs), semiconductor optical amplifiers (SOAs), and bulk optical amplifiers (BOAs) provide localized, lumped gain. They can therefore be deployed in-field on dedicated wavelength channels using standard wavelength-division multiplexing (WDM) filtering without significant interaction with adjacent services.


In contrast, Raman amplification (RA) and fibre Brillouin amplification (FBA) employ the transmission fibre itself as the gain medium. When such distributed amplification is introduced on an operational link, even if the metrological channel is spectrally isolated by WDM components, some coupling remains between the optical gain experienced by data traffic and that applied to the metrological signal. Furthermore, FBA offers gain only within a very narrow spectral band. Because of this limited bandwidth, fibre Brillouin amplifiers are generally considered incompatible with simultaneous high-capacity data traffic on parallel channels.
[bookmark: _Toc219367222][bookmark: ultra-stable-optical-frequency-transfer][bookmark: performances]6.4.2.8	Performances
[bookmark: _Toc224029816][bookmark: stability]Stability
The stability of coherent optical frequency transfer links typically ranges from 10−14 to 10−17 at a one-second integration time, measured within a 1 Hz bandwidth, for link length ranging from 50 km to 1 000 km. These links generally average down as fast as  for at least 100 s to a few thousand seconds, after which the improvement slows. The precise behavior depends on factors such as the link configuration (fully bidirectional or quasi-bidirectional), the launched optical power, the link length, the characteristics of the free running noise, and the overall quality of the deployed instrumentation. In practice, the most meaningful metric for instrumentation quality is the ratio between the free-running noise and the compensated noise. For this reason, it is highly desirable for authors to publish both curves when reporting their implementations. Over longer time scales, diurnal perturbations, seasonal variations, and annual terms become apparent [Tønnes et al., 2022]. Such analysis requires also a precise understanding of the effect of missing data in the time series recordings. It is likely that further analysis and extended data acquisition will reveal additional features of geophysical or environmental interest.
[bookmark: _Toc224029817][bookmark: accuracy]Accuracy
The accuracy of these techniques, both active and passive, has been explored by several groups [Cantin et al., 2021; Koke et al., 2021;]. An accuracy budget was reported for experiments on fibre spools, where the effect of polarization mode dispersion (PMD) could be quantified and identified as a limitation at the level of 1.2 × 10−20 [Xu et al., 2021]. Figure 63 illustrates the free-running link, the two-way compensated signal, the post-processed two-way compensation, and the noise floor of the system, highlighting the effects of temperature, humidity, and polarization. The plot highlights the limiting effect of the PMD and the contribution of the interferometer sensitivity to temperature.
For in-field implementations, particularly in the context of optical clock comparisons over a fibre network, additional terms must be considered, such as time mismatches between recordings and other sources of uncertainty. Interested readers may consult [Tampellini et al., 2017; Tønnes, 2022]. Comparisons between optical frequency transfer in fibre and in free space further reinforce confidence in the accuracy budget, demonstrating uncertainties well below 10−19 [Beloy et al., 2021; Shen et al., 2022].







Figure 63
Evidence of interferometer noise and PMD noise limitation [Xu et al., 2021]
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The fundamental limits of optical frequency transfer in fibre are determined by the finite speed of light in the medium and the requirement of path reciprocity. The finite speed of light constrains the noise rejection bandwidth and leads to accumulation of noise over longer integration times [Newbury et al., 2007]. Deviations from perfect reciprocity arise from small frequency shifts between the two counter-propagating beams; the resulting effect is extremely small, below 10−23. Polarization effects are the dominant contribution at the level of 10−19−10−20 [Xu et al., 2021]. Ultimately Sagnac effect, as a non-reciprocal terms, set the second fundamental limit of optical fibre link. Technical limitations are primarily associated with the sensitivity of the reference arm of the Michelson interferometer to temperature fluctuations. In a well-designed interferometer with proper temperature stabilization, this effect can be reduced to below 10−21.
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The operational range of optical fibre links has steadily expanded over the past decades. Starting from just a few kilometres in the late 1990s, these links experienced rapid growth throughout the 2000s, and this expansion accelerated between 2010 and 2020, in parallel with the widespread deployment of optical fibre networks across Europe. By the late 2020s, significant infrastructure was established in China, further extending the global reach of ultra-stable optical frequency dissemination. Figure 64 illustrates the reported ranges of optical fibre links over this period.
Figure 64
Reported coherent fibre links range over time in the literature [Beauvoir et al., 1998; Terra et al., 2010; Predehl et al., 2012; Chiodo et al., 2015; Schioppo et al., 2022; Lindvall et al., 2025]
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While individual terrestrial fibre links are typically limited to approximately 2 000–3 000 km (excluding subsea link, for which the phase noise PSD is considerably lower), there is no fundamental barrier to concatenating multiple links. This allows the realization of continental-scale networks.
The next frontier lies in establishing long-haul submarine links capable of connecting the five continents and remote locations, such as Tahiti in the central Pacific. Such links are critical for the synchronization and syntonization of geodetic observatories, which underpin the realization of precise global reference frames and advance fundamental astronomy.
[bookmark: _Toc219367223][bookmark: Xe23d4a0a8c1980849d45ba7305067690af58308]6.4.2.9	Fibre network for time and frequency dissemination
[bookmark: _Toc224029820][bookmark: from-fiber-links-to-fiber-network]From fibre links to fibre network
Extending ultra stable optical frequency dissemination from individual fibre links to full-scale fibre networks introduces a set of unique technical, organizational, and economic challenges.
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Long-term access to optical fibre is essential but costly. The main challenge lies in establishing a sustainable economic model: the effective cost per user is determined by the total expense of maintaining the fibre network divided by the number of beneficiaries. Minimizing rental costs, for instance through data sharing, and engaging the widest possible scientific and industrial community, is therefore critical to ensure network viability.
[bookmark: _Toc219367224][bookmark: dedicated-frequency-channels]6.4.2.10	Dedicated frequency channels
In France, this challenge is addressed through the deployment of dedicated frequency channels, allowing parallel transmission of ultra-stable signals and conventional data traffic on the same fibre using dense wavelength-division multiplexing (DWDM). Such networks are typically hosted on National Research and Education Network (NREN) backbones. Implementing these systems requires modifications to the telecom infrastructure, including the installation of low-noise, bi-directional optical amplifiers within NREN shelters – a complex and labour-intensive task.
However existing telecommunications networks cannot always be adapted for critical applications beyond conventional data transmission, and not only due to the unidirectionality of long-haul fibre links. But emerging multicore optical fibres (MCFs) offer a transformative opportunity: they enable the coexistence of advanced applications with standard data traffic, paving the way for truly multi-functional networks. This approach is particularly promising for long-haul submarine cables. Recent work has proposed and demonstrated the faithful transfer of ultra-stable optical signals through 25 km deployed MCF in a manner fully compatible with the unidirectional architecture of long-haul systems, achieving a fractional frequency instability of 3 × 10−19 at 10 000  [Hoghooghi et al., 2025].
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Achieving a fully operational network demands not only achieving maturity of technology and knowledge transfer to reach Technology Readiness Level (TRL) 9, but also a comprehensive system vision. This encompasses the capacity for production, installation, operation, and both preventive and corrective maintenance of the network.
[bookmark: _Toc224029823][bookmark: network-supervision]Network supervision
Mandatory network supervision is essential, including integration into a Network Operating Centre (NOC) to monitor performance, detect anomalies, and ensure reliability over long-term operation.
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Finally, an effective fibre network requires robust capabilities for data acquisition, storage, processing, reduction, and archiving, in compliance with FAIR principles (Findable, Accessible, Interoperable, Reusable) [WILKINSON et al., 2016]. Up-to-date documentation, live monitoring, and organized archives are critical. Beyond infrastructure, fostering community adoption through active management and support is necessary to ensure that the network delivers scientific and industrial value and is widely utilized.
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The design and deployment of fibre-based optical networks must encompass a sufficiently broad range of scientific domains to ensure that the infrastructure delivers value to a critical mass of users. One of the primary beneficiaries of such networks is the domain of reference frames and precision measurements. Fibre networks support chronometric geodesy, providing tools to monitor sea level rise induced by global warming, and enable precision measurements for both applied and fundamental research, ranging from tests of variations in fundamental constants to applications in cosmology and astronomy. Precision timing, increasingly relevant to accelerator physics and high-energy experiments, also benefits from optical fibre networks, paving the way for future tests of general relativity through multi-messenger astronomy when major facilities are interconnected.
Fibre infrastructures also provide a natural platform for advancing quantum telecommunication technologies, including continuous-variable quantum key distribution (CV-QKD) and twin-field QKD (TF-QKD), supporting secure communications at unprecedented scales. In addition, the networks foster progress in photonic development, encompassing laser technology and high-speed optical communications, driving both scientific innovation and industrial applications in next-generation optical technologies. Another key application lies in environmental sensing, where fibre networks enable novel measurements for Earth, ocean, and atmospheric sciences, including high-precision temperature monitoring and geophysical observations, which will be further discussed in the concluding section.
Beyond their scientific utility, these infrastructures carry significant societal benefits. Optical fibre dissemination provides a robust backup to GNSS-based systems, enhancing the resilience of critical infrastructure for positioning, navigation, and timing (PNT). By combining broad scientific applicability with tangible societal impact, fibre networks constitute a transformative infrastructure for the 21st century.
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The most prominent case is in Europe. Since the first optical clock comparison in 2015 between SYRTE and PTB, several long-haul fibre links have been cross-connected [Lisdat et al., 2016]. By 2025, France, Italy, the UK, Germany, Poland, and Switzerland (notably at CERN) are interconnected [Lindvall et al., 2025]. The network continues to expand: Belgium, the Netherlands, Australia, the Czech Republic, and Spain are expected to join soon.
In France, the REFIMEVE network covers the entirety of metropolitan France and incorporates over 5 000 km of fibre for RENATER, dedicated to optical frequency transfer. More than 30 research laboratories are currently connected. REFIMEVE was recognized as a National Research Infrastructure in 2021.
The Italian Quantum Backbone (IQB) is a nationwide fibre-optic infrastructure that links the Italian National Metrology Institute (INRiM) with +15 research centres and laboratories throughout Italy, spanning more than 1 800 km. Initially conceived for the distribution of high-accuracy time and frequency references, the IQB has since evolved into a flexible platform that now supports cutting-edge experiments in quantum communication, distributed sensing, and a broad range of advanced photonic applications.
Poland is also advancing long-haul optical frequency links. The primary objective of the National System for Generation and Distribution of the Reference Optical Carrier in Poland is to establish an ultra-stable laser source that can be directly referenced to an optical atomic clock, and to distribute this signal through a dedicated network of fibre-optic links operated by PSNC, over +3 000 km. NLPQT consortium encompass seven research laboratories and qualified industrial partners.
In UK the QSNET consortium is developing a network of atomic and molecular clocks with unprecedented sensitivity for probing potential variations in the fine-structure constant () and the proton-to-electron mass ratio (). By achieving this level of precision, QSNET aims to impose significantly tighter constraints on a broad spectrum of fundamental and phenomenological theories beyond the Standard Model, as well as on proposed models of dark matter.
The Czech Republic has also established a non-commercial fibre-based infrastructure. Designed as a shared national platform, this network leverages optical fibres to deliver high-precision timing, coherent frequency transfer, and an advanced vibrational sensing capability. By allocating classical and quantum signals to separate wavelength bands, such as the C-band and O-band, the Czech infrastructure minimizes interference and supports multiple concurrent applications over the same fibre lines.
The REFIMEVE network in France and IQB in Italy have established frequency distribution links connecting major cities and a cross-border link, but across Europe, however, significant gaps remain in the continent-wide infrastructure. These gaps arise partly from limited investment in certain countries, but more critically from the absence of a centralized European body responsible for interconnecting the existing national time and frequency networks. GÉANT has initiated dialogue with numerous European National Metrology Institutes (NMIs) to gather their perspectives on the proposed Core Time/Frequency Network (C-TFN). Now GÉANT Association aims to establish a fibre infrastructure of long-haul, cross-border fibre routes for the distribution of time and frequency throughout Europe, fostering transnational connectivity.
If one includes all fibre-based technologies (optical frequency transfer, ELSTAB, WR), Europe is projected to encompass approximately 30 000 km of dedicated or shared with data traffic fibre network in the next five years.
In China, fibre network expansion is also very rapid. In China, the High Precision Ground-Based Time Service System (HP-GBTSS) project has been launched as a major national scientific and technological infrastructure. One of the important tasks of the HP-GBTSS project is to build a 10 000-kilometre-level fibre optic network for coherently transmitting optical frequency signals [Zhou et al., 2025; Zhang et al., 2025].
Together, European and Chinese developments indicate a bifurcated yet convergent path: a maturation of technical infrastructures, policy recognition, and scientific-industrial coordination that promise widespread deployment of ultra-stable optical networks globally.
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[bookmark: _Toc224029828][bookmark: X6e29fb30e2d8f4730ca1f3b17777e7f0ca048f6]Coherent networks as distributed environmental sensors
Coherent fibre-optic systems are inherently sensitive to phase fluctuations that remain invisible in simple intensity-based detection. Remarkably, the very corrections applied by digital signal processing (DSP) for carrier recovery can reveal tiny phase anomalies imprinted onto the optical field such as those caused by seismic waves or environmental perturbations. Exploiting the state of polarization (SOP) as an additional sensing axis further enhances this capability [Mazur et al., 2022; Carver and Zhou, 2024]. As a result, recent years have seen a surge of interest from both academic research groups and major manufacturers in turning coherent telecommunication networks into large-scale distributed sensors for environmental and infrastructure monitoring.
For example, the EU project SENSEI (Smart European Networks for Sensing the Environment and Internet quality (SENSEI Consortium 2024)) pursues this vision by developing photonic interferometric techniques – using low-phase-noise lasers and on-chip integration – to repurpose live telecom fibres for high-precision deformation monitoring within the network control layer, enabling applications such as seismic hazard detection and self-healing infrastructures. At the same time, scientific demonstrations have captured seismic events using standard telecom links and coherent detection, illustrating how “dark” or continually active fibres can be harnessed for seismic monitoring at scale [Yan et al., 2019; Guerrier et al., 2025].
This transformational approach positions coherent fibre infrastructure not only as the backbone of high-speed digital communication but also as a continent-spanning sensor array, with profound implications for Earth science, civil protection and network resilience [Hara et al., 1999].
[bookmark: _Toc224029829]Emerging applications: frequency transfer as a large-scale environmental sensor
As the optical frequency transfer technique is inherently phase-sensitive, the correction applied to suppress fibre-propagation noise does not only reveal the optical phase itself but also encodes environmental perturbations acting on the fibre. Acoustic vibrations, seismic waves, and even slow variations from temperature and humidity leave characteristic imprints on the measured phase. This transforms a technique originally devised for metrological frequency dissemination into a powerful sensing tool [Marra et al., 2022].
In recent years, this capability has been demonstrated both in laboratory and real-field conditions. Seismic signals have been retrieved from terrestrial fibre networks and submarine telecommunication cables, showing remarkable agreement with conventional seismometers and extending coverage to otherwise uninstrumented areas [Marra et al., 2018]. Beyond natural events, first studies now also target anthropogenic noise sources, exploiting the same interferometric signals for environmental monitoring at the city or regional scale [Noe et al., 2023; Donadello et al., 2024].
Major research groups and network operators are actively pursuing this new paradigm, often referred to as “Network as a Sensor”, in which already-deployed optical fibre infrastructure provides a continent-scale seismic and environmental observatory [Mazur et al., 2022; Guerrier et al., 2025]. Pilot projects range from controlled laboratory demonstrations to transoceanic cable experiments, with promising prospects for global monitoring of earthquakes, ocean dynamics, and infrastructure integrity. Early work in related areas, such as distributed sensing for submarine power cable maintenance [Hara et al., 1999], anticipated this vision. Today, advances in coherent detection and digital signal processing enable scalable implementations across operational telecommunication networks.
This convergence of metrological frequency transfer with environmental sensing represents an exciting frontier: the same coherent infrastructures that distribute ultrastable optical frequencies for clocks and scientific facilities may, at the same time, provide a new window into the Earth system, with applications spanning geophysics, oceanography, and infrastructure monitoring.
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[bookmark: _Toc223950002][bookmark: _Toc223950452][bookmark: _Toc223950620][bookmark: _Toc223951056][bookmark: _Toc223951191][bookmark: _Toc224026020][bookmark: _Toc224029832][bookmark: _Toc224030254]7.1	Use of frequency sources in science and metrology
A frequency source (FS) is a device that provides an electrical signal whose output frequency satisfies the requirements, such as the accuracy, stability and immunity from environmental perturbations, needed for a particular application. The frequency of the output signal may be derived from the mechanical properties of a quartz crystal or from the frequency associated with a transition in an atom or molecule. Many devices combine the two reference techniques and use a quartz crystal oscillator whose frequency is monitored or controlled by a frequency derived from the properties of an atom or molecule. Although the frequency associated with any transition in any atom or molecule could be used as the reference for a frequency source, there are technical advantages to using a hyperfine transition in the ground states of caesium, rubidium, or hydrogen, and most commercial frequency sources use the hyperfine transition frequency in one of these atoms as the reference. Details on the various devices have been provided in Chapter 3.
At a given level of accuracy, frequency sources and frequency measurement techniques are much simpler and cheaper than measurement techniques for other quantities such as length or mass. It is usually convenient to convert the quantity of interest – voltage, pressure, humidity etc. – into a frequency or a time interval via a transducer. Very often this improves the accuracy and reduces the cost of making the measurement and processing the results. 
[bookmark: _Toc223950003][bookmark: _Toc223950453][bookmark: _Toc223950621][bookmark: _Toc223951057][bookmark: _Toc223951192][bookmark: _Toc224026021][bookmark: _Toc224029833][bookmark: _Toc224030255]7.2	Definition of the standard frequency
Until May 2019 the International System of Units (the Système International d'Unités or SI) was defined in terms of seven base units and derived units defined as products of powers of the base units. From 20 May 2019 the SI units are defined in terms of seven defining constants. The complete system of units can be derived from the fixed values of these defining constants, expressed in the units of the SI. Despite of all progress made over the years, the standard frequency remains defined as the frequency associated with a hyperfine transition in the ground state of Cs133. The practical realization of the definitions of the units is described in the SI Brochure (BIPM 2019), Appendix 2, which is accessible at the BIPM website (www.bipm.org). It is likely that some other atomic transition, or some combination of atomic transitions, will replace the definition based on caesium in the next 10 years (see Chapter 9 for a forecast). Devices that will realize the new definition will be complicated and expensive and will probably have to be operated in a controlled, laboratory environment. This is also true of caesium fountains, the devices that realize the current primary definition of the SI second. In addition, primary frequency devices generally sacrifice short-term stability to realize long-term accuracy and are not suitable for applications that depend on a real-time or near-real-time frequency reference. The re-definition of the SI second will be unlikely to affect applications that depend on frequency or time interval, since many of these applications require a real-time or a near-real-time reference signal or are limited by other constraints, and the importance of commercial frequency sources based on caesium, rubidium, or quartz crystals, is likely to continue for the foreseeable future. Hydrogen masers will continue to be important frequency sources because they have very good short-term stability, but they are too expensive and cumbersome to be used in most applications that do not require excellent short-term stability.
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The stability and accuracy of the output frequency of any device is derived from the fundamental physics of the reference system, so that comparing the output frequencies of devices stabilized in different ways or to different atomic transitions can provide important information on the underlying physics of the atomic reference systems. These applications are particularly powerful for studying simpler atomic systems because these frequencies can be accurately calculated by using well-known quantum-mechanical principles. 
The principles of Relativity affect the frequency measured by an observer who is moving with respect to an oscillator or who is at a different gravitational potential than the frequency standard. The “gravitational red shift” can be exploited to study the spatial variation of the gravitational potential on Earth. Comparing the frequencies of oscillators at very different gravitational potentials (on Earth and on a satellite, for example) provide an important test of Relativity. Up to now, the most accurate test of the so-called relativistic redshift was made using atomic clocks on two satellites of the European satellite navigation system Galileo [Delva et al., 2018; Herrmann et al., 2018] when a partial launch failure brought the satellites into an elliptical rather than circular orbit. The eccentricity of the orbit resulted in a large periodic variation in the frequency of the transmissions observed by the tracking stations on Earth.
The principles of both Special and General Relativity are important in understanding the differences in time and in rate between oscillators on the surface of Earth and those located on the surfaces of the Moon or Mars, or at one of the stable Lagrange points. The calculation of these effects is quite complicated and includes a number of approximations, so that a comparison between theory and experiment will be very useful. Maintaining a communication link between Earth and a spaceship traveling to one of these remote locations will be challenging. The operation of LISA, the space-based interferometer to detect gravitational waves, will have similar difficulties.
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Frequency references, usually quartz-crystal oscillators, are very widely used, and it is impossible to list all of the possible applications. Devices such as radio and television receivers depend on a local frequency reference in a fundamental way, but the “internet of things” has added requirements for a local frequency reference to devices such as washing machines and kitchen ovens. Most of these devices have only modest accuracy and stability requirements for the reference frequency, and oscillators that use a quartz crystal or a MEMS (Micro-Electro-Mechanical Systems) device as a frequency reference are often adequate. The considerations of SWAP (size, weight, and power) are often more important than the accuracy or even the stability of the oscillators in these systems. Monitoring the operation and validating the accuracy of a large number of these “dumb” devices will be challenging.
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The measurement of the acceleration of gravity is obtained by observing the free-fall of an object in vacuum. The object is a corner-cube mirror that is part of a Michelson interferometer. The position of the corner-cube is measured in terms of the wavelength of the light that illuminates the interferometer, and its velocity and acceleration are determined by combining these position measurements with timing signals from a local frequency reference. The local value of the g can be determined with a fractional accuracy of about 10−9. The measurement is challenging but is generally not limited by the accuracy or the stability of the wavelength and time reference systems.
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The gravitational constant, G, is difficult to determine because gravitational effects depend on GM, the product of G with the mass of the source (or on GMm, the product of the G, the mass of the source and the mass of the test object in the Eotvos experiment). The product GM, where M is the mass of Earth, is determined by using laser ranging between a station on Earth and a satellite with a retro-reflector. (The measurement does not depend on the mass of the satellite.). The measurement has a fractional accuracy of about 10−9. The product is known with greater accuracy than the accuracy of either G or M.
The spatial variation of the gravitation potential of Earth can also be determined by measuring the variation in the distance between two satellites that are relatively close together in the same orbit. Successful examples are the Gravity Recovery and Climate Experiment, GRACE, and the follow-on measurements, GRACE-FO. The spatial variation is expressed in a spherical-harmonic expansion with a degree and order of about 300, so that the angular resolution on Earth is of order 1, which corresponds to about 130 km in spatial resolution at the equator. The variation of the distance between the two satellites is measured interferometrically and is combined with orbital parameters observed from ground tracking stations.
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A Very Long Baseline Interferometer is based on a number of radio telescopes located at widely separated locations. Each site records the transmissions received from a distant radio source using a local hydrogen maser as the time and frequency reference. The recordings from the different sites are cross-correlated to solve for the three-dimensional orientation of Earth in space with respect to the distant radio sources. The data provide a measurement of UT1, the rotation angle of Earth, and polar motion – the precession, nutation, and irregular motion of the axis of rotation. The cross-correlation process depends on the stability of the frequency reference at each site, so that hydrogen masers are typically used because they have very good fractional-frequency stability of order 10−15 over the duration of the measurements, which are often as long as a few hours. In addition to providing information on the position of Earth as a whole, the data can also be used to study continental drift and similar geophysical effects. 
The method of cross-correlating radio data received at different sites can also be used to process the signals from artificial satellites. This technique is called quasi-VLBI and is useful in geodesy and space navigation. The motion of the satellites that are the sources of the signals cannot be neglected, so that this method is more complicated than VLBI, which uses signals from sources that are so far away that they can be treated as not moving.
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Determining the position of a receiver, and navigation – measuring the evolution of the position in time, are related applications, and the same techniques can be used to address both problems. However, the statistics are different. The navigation application must operate in real-time, and cannot benefit from the post-processing, averaging, and outlier detection that can be used to improve a position solution. The timing of electromagnetic signals is a fundamental aspect of both applications, and the methods that a receiver can use to determine its position (or the evolution of its position) by processing electromagnetic signals from a single transmitter or an ensemble of them will be discussed. The statistics of the clocks in the transmitters and the receiver are important, but an equally important problem is relating the physical position of the receiver to the reception time of the signal from the transmitters. The refractivity of the atmosphere complicates the solution because the geometrical distance between the transmitters and the receivers is less than the distance deduced from a measurement of the time of flight of the signals. A number of different methods have been developed to address this problem. Following general considerations on system design, examples are given. GNSS is currently the most widely used system for positioning, navigation and timing (PNT). 
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The methods that will be described in the next sections depend on receiving the signals from multiple sources whose positions (or orbital parameters) are known and whose clocks are synchronized to a common reference, and realizing these requirements is outside of the scope of a user’s application. The orbital parameters of each satellite and the offset of its clock with respect to the common reference (which is usually the ensemble-average system time) are estimated by a ground control station by combining the data received at a number of tracking stations with statistical models of the clocks. These estimates are uploaded periodically into each satellite and are transmitted to users via the navigation message. The system time may be steered to UTC based on a prediction of UTC from a timing laboratory, but the positioning and navigation applications do not depend on this steering. The accuracy of the solution obtained by a receiver is compromised both by the stability (i.e. predictability) of the clock in the satellite and by the accuracy of the broadcast ephemeris that is used for estimating the geometrical time of flight. The impacts of these contributions can be addressed by post-processing using precise orbits and clock solutions, but this advantage may not be possible in all configurations.
The time of flight of the radio signals is modified by the refractivity of the medium along the path. For signals from global navigation system satellites, the largest contribution to the refractivity comes from the ionosphere. This refractivity can be estimated by measuring its dispersion – the dependence of the measured time of flight on the frequency of the signal, and navigation satellites transmit information on multiple frequencies for this reason. 
This method cannot be used to estimate the refractivity of the troposphere, since this refractivity has no dispersion at radio frequencies. The refractivity of the troposphere adds about 2 m (or 6 ns) to the geometrical path delay for a satellite at the zenith, and a larger value for satellites at lower elevations. This contribution must be estimated in other ways and is often ignored. 
The position of the receiver (or the evolution of its position) can be determined by measuring the times of flight between the antenna and four satellites (see § 7.5.4.). The contribution of the troposphere increases the length of every path so that it is correlated with the determination of the vertical position of the receiver, and the determination of this coordinate often has a larger error than the error in the North and East position determinations. 
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If the transmitters are moving (on satellites, for example), or if the receiver is moving with respect to stationary transmitters, then the frequencies of the received signals will be modified by the component of the motion along the line of sight between each transmitter and the receiver in first order. These Doppler shifts can be used in a positioning or navigation application instead of (or in addition to) the time-of-flight method described in the previous section. The component of the velocity perpendicular to the line of sight is responsible for a second-order Doppler shift, which is smaller than the first-order shift by v/c, the ratio of the speed of the source to the speed of light. If the receiver can determine this Doppler shift, then each determination locates the receiver on a conical surface whose apex is at the transmitter. The receiver can determine its position by repeating this measurement using the signals from multiple sources. If the clocks in all the sources transmit at the same frequency, then the receiver can solve for its position and for the offset of its clock with respect to the system time of the transmitters. If the orbit of a satellite transmitter is accurately known, then the receiver may be able to solve for its position by measuring the evolution of a single Doppler shift as the position of the satellite changes. This method places a more stringent requirement on the stability of the oscillator in the receiver. The principal advantage of this technique is that the Doppler shift is not sensitive to the refractivity of the atmosphere, although the measurement of the frequency offset will be made more difficult by fluctuations in the atmospheric refractivity.
For most applications, Doppler navigation has been replaced by methods that use the transit times of signals from GNSS satellites. The Doppler method is still used to determine the ground-speed of low-flying aircraft (helicopters, for example) or when the signals from GNSS satellites are not available or are not reliable. The method is also incorporated into the tracking loops of many GNSS receivers. The data from receivers at different sites can be useful in detecting “spoofing” – signals from stationary rogue transmitters that attempt to mimic the signals from the real satellites but cannot reproduce the Doppler shifts each receiver expects
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A second method for attenuating the impact of the atmospheric refractivity in positioning and navigation applications is for a receiver to measure the difference in the arrival times of signals from two (or more) transmitters whose signals are synchronized to a common reference time. The impact of the refractivity is attenuated to the extent that its contribution is the same to both paths and cancels in the difference. A measurement of the difference in arrival times locates the receiver on a hyperbola with the transmitters at the foci. If this measurement is repeated with another pair of transmitters, the position of the receiver is the point where the various hyperbolas intersect. This technique was widely used as the basis for the LORAN-C system. Its accuracy depends on the equality of the refractivity along the paths from the receiver to the two transmitters and was often most useful over water where this requirement was usually satisfied. A weakness of the ground-based transmitters used in the LORAN-C system was that the path difference was not sensitive to the altitude of the receiver, so that the method was not useful for airplane navigation.
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Spherical navigation is currently the most widely used technique for both navigation and positioning applications, and this technique is based on receiving the transmissions from global navigational satellite constellations such as GPS, GLONASS, Galileo, or BeiDou. All of the constellations use the same basic principles. They comprise a space segment in MEO (Medium Earth Orbit) at about 20 000 km altitude on several orbital planes and transmit radio signals on at least two L-band frequencies. The position of the receiver (or its motion) is determined by measuring the times of flight between the receiver and several satellites in known orbits. Each satellite transmits information about its orbit, and an estimate of the offset of the clock on the satellite with respect to the system time of the constellation. The measurement of the transit time from each satellite locates the receiver on a sphere whose radius is defined by the transit time, and the position of the receiver is determined by the intersection point of the spheres determined by observing several satellites simultaneously. The receiver solution has four unknowns – the three coordinates of the position and the offset of the receiver clock with respect to the system time of the constellation, and these four unknowns can be determined by observing the signals from four satellites from the same constellation. This enables a multitude of applications, such as incorporating receivers in modern wristwatches and smartphones: only a low-performance oscillator is required in the receiver. It is possible to use data from fewer satellites if the time of the clock in the receiver is known from other data or if its position is constrained, to be on the surface of Earth, for example. A receiver at most locations on Earth will receive signals from many satellites, so that solutions based on a redundant array of independent measurements (RAIM) can be used to detect outliers and errors. The Handbook “Satellite time and frequency transfer and dissemination” [ITU, 2010] provides a comprehensive description of the GPS and GLONASS satellite systems (Chapters 4 and 5 respectively), as well as the principles of time transfer via GPS (Chapters 12 and 13). At the time of publication of this older Handbook, the European GNSS Galileo had not been completely developed. The interested reader is referred to the web site of the European GNSS service centre ( https://www.gsc-europa.eu ) for information and documentation of the Galileo system performance. 
7.5.4.1	Timing applications based on spherical solutions
The importance of GNSS signal reception for the realization of TAI and UTC was explained in Chapter 5. GNSS signals have evolved as the most important means for global time dissemination as explained in Chapter 6. 
The signals from global navigation satellites have a central role in the telecommunications sector, and this will be discussed in the next section. 
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Early communication methods used a low-rate digital method such as the Morse code or analogue systems such as point-to-point telephone circuits. The methods did not have strong requirements for time accuracy or frequency stability. They were typically realized by using a physical connection between the sender and the receiver. They had a stable transmission delay and could also be used to transmit time and frequency signals with minimal degradation. These simple channels were not adequate to support the increase in the demand for long-distance communication, and various methods were developed to support an increase in the capacity of communications circuits to handle this increase in the demand. 
The increase in capacity was realized by sharing the physical circuit among multiple logical circuits, and the details will be discussed in the following sections. The sharing increased the capacity of the physical circuit, but the stability of the circuit delay was degraded by the multiplexing and de-multiplexing operations. Dedicated point-to-point circuits, especially circuits that use optical fibres as the transmission medium, have seen a renaissance to transmit time and frequency data when the highest level of delay stability is needed. Examples are given in Chapter 6.
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The Nyquist theorem relates the capacity of a digital circuit to its physical bandwidth. For example, if the physical bandwidth of a telephone circuit is 4 kHz, then the circuit can support a digital signal of 8 000 samples per second. An important advance in telecommunications methods was the realization that the capacity of a physical channel also depended on the signal to noise ratio (S/N) of the connection. The Shannon-Hartley theorem relates the maximum rate at which information can be transmitted over a communications channel, C, in bits per second, to the bandwidth of the channel, B in Hz and the S/N:
		 	(7-1)
where the noise is generated by a Gaussian random process. Although the Nyquist theorem limits the signalling rate to twice the physical bandwidth, the information rate can be increased by transmitting more than one bit per symbol, where the amplitude of the signal also carries information, for example. The limit is set by how many discrete amplitudes the receiver can distinguish, and this depends on the S/N of the system. The theorem asserts that an encoding method exists that can realize this capacity but does not define the method. Three methods have been developed to increase the rate at which information is transferred of a channel.
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One of the first methods that was used to increase the capacity of a channel was frequency-division multiplexing. Each transmission on the physical circuit is assigned a unique frequency. The data for each link are encoded on a unique frequency at the transmitting end and decoded at the receiving end. The number of distinct messages that can be combined on the circuit depends on the frequency accuracy of the encoding hardware and the bandwidth of the frequency filters used in the receiver. 
The method depends on a “channel bank” – an encoder/decoder pair for each frequency. It was too expensive to be used for copper circuits, but the method has seen a renaissance as wavelength-division multiplexing in circuits that use optical fibres.
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Another method to increase the capacity of a channel is time-division multiplexing, in which each transmission is assigned a time-slice in a round-robin fashion. For example, in the early T1 system, 24 voice conversations were multiplexed using the signalling rate of 8 000 samples per second. The transmission is divided into packets, and each packet has one bit of each conversation. The method depended on the fact that the actual information rate of a voice conversation is less than the signalling rate of the circuit so that each sample of the voice transmission is broken up into 8 packets. In a later version, the signalling rate was increased to 1.544  106 samples per second, giving 24 channels each of which can support 64k bits per second.
The usefulness of the method depends on the synchronization of the encoding and decoding oscillators at the ends of the circuit. The system can handle small discrepancies in the frequencies at the end points with “slip buffers.” This technique cannot cope with a systematic frequency offset between the clocks at the endpoints. White frequency noise, which integrates to a random-walk in time can also be a problem. 
The method of time division multiplexing becomes more complicated when the end-point of a circuit is a switching centre where the various messages must be separated and then combined with other messages from another circuit into a multiplexed transmission to another switching centre. Various “slip buffer” and FIFO (first-in-first-out) buffers are used to compensate for short-term fluctuations in the rates of the different channels. 
The frequencies of the clocks in a complex network that is based on time-division multiplexing must be nearly synchronous (“plesiochronous”) and cannot have long-term systematic frequency offsets that will eventually saturate the largest slip buffer. This requirement is usually realized by an ensemble of primary oscillators, which are often caesium-based devices that can be monitored and validated by using data from global navigation satellites. The frequency output of this primary ensemble is used to control a larger ensemble of oscillators that have poorer stability. The devices in this pyramid scheme are identified by an integer “stratum number,” which specifies the number of links from that device back to the primary reference. Clocks that operate at each stratum number typically have poorer accuracy and stability than the devices at a lower stratum.
(In networks that support the network time protocol (NTP), the stratum number of a system specifies only the number of links back to a primary reference source and does not necessarily have any relationship to the stability or accuracy of the device.)
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International standards (ITU-T Recommendations), which detail technical specifications regarding the elements of the global communication infrastructure, have been developed by ITU-T Study Group 15. The group administers many Recommendations, including Recommendation ITU-T G.8260, which contains Definitions and terminology for synchronization in packet networks. This document specifies that UTC is needed as a common time reference for mobile time division duplex (TDD) circuits. 
There are three recommendations that specify the performance of Primary Reference Clocks, which differ in the prescribed performance of the output signals and the architecture of their installation. The PRTC device is specified in Recommendation ITU-T G.8272, the enhanced device, ePRTC in Recommendation ITU-T G.8272.1, and the coherent network device, cnPRTC in Recommendation ITU-T G.8272.2. The reception of GNSS signals is common to all PRTCs, either as the primary or as the back-up timing source. UTC information can be retrieved from the GNSS navigation message, which contain the prediction of the difference between the system time and a prediction of UTC (see Chapter 5). The ITU-T website of Study Group 15, Question 13 describes the current performance specifications. 
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A Trellis-coding method encodes several bits of information onto one signal bit. For example, the amplitude of a single bit could be modulated to transmit more than just one bit of information. Or the phase of the transmitted frequency could be modulated by a multiple of π/2 to transmit 2 bits of information on each phase shift. (This technique is equivalent to transmitting different signals on the in-phase and in-quadrature components of the carrier.) In each case, the limit depends on the S/N of the connection – what is the smallest change in the amplitude or the phase of the received signal that can be detected by the receiver. This method can be combined with other methods such as time division multiplexing. 
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Most activities of a society depend on the reliable and stable availability of electrical power. A long-lasting interruption of electrical supply would compromise the distribution of drinking water, the refrigeration and cooking systems that are required to store and prepare food, the operation of the heating or air-conditioning systems, and the numerous commercial, industrial, and residential systems that depend on electrical power. Electrical power is distributed from multiple sources to consumers in grids. Grid operators use precision timing for grid monitoring, protection and operation. The wide-area monitoring and situational awareness of grid performance rely on synchrophasor technology which monitors the amplitude and phase of the electrical power at many points on the grid. The proper operation of these units depends on tight timing requirements. Phase measurement units (PMU) are employed to measure the voltage and current waveforms at many points in the grid with high accuracy and with high temporal resolution. Each measurement is time-stamped, with reference to UTC. PMU data is collected at 30 to 120 samples per second. The measurements are analysed to compute the magnitude and the phase angle of the electrical power relative to a cosine function at the nominal transport frequency (50 Hz in Europe, 60 Hz in the US, to give examples) that is derived from UTC. The IEEE standard C37.118-1-2011 specifies the measurement rate and accuracy of these devices and covers a wide range of uses of the timing data, such as the detection of anomalous events and the location of line faults. The most demanding requirements depend on a synchronization to UTC with 1 µs uncertainty. The signals received from GPS (or GNSS in general) are widely available and can satisfy these requirements. These signals have become the de facto standard in many deployed installations for these reasons.
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In the two preceding chapters, the technical requirements for timing in networks of the telecommunications and electrical power sectors have been presented in brief. In addition to the technical requirements, some countries and the European union also have legal requirements. [Lapuh, 2011] For example, the registration and billing of telephone calls must be documented with time stamps in legal time. Time information is needed only with 1 s resolution in this application, but it requires considerable effort to be compliant with such requirements and to be able to verify it in repeated audits. There are similar requirements for the billing of electrical energy, so that smart grid elements and electricity meters must be connected to a source of legal time. This brings us to the discussion of time dissemination traceable to UTC in the following Chapter. 
[bookmark: _Toc223950022][bookmark: _Toc223950472][bookmark: _Toc223950640][bookmark: _Toc223951076][bookmark: _Toc223951211][bookmark: _Toc224026040][bookmark: _Toc224029852][bookmark: _Toc224030274]References
DELVA P et al., (2018) Gravitational Redshift Test Using Eccentric Galileo Satellites, Physical Review Letters 121, 231101 (2018)
HERRMANN S et al., (2018) Test of the Gravitational Redshift with Galileo Satellites in an Eccentric Orbit, Physical Review Letters 121, 231102 (2018)
IEEE (2011) C37.118.1-2011 – IEEE Standard for Synchrophasor Measurements for Power Systems, IEEE, DOI: 10.1109/IEEESTD.2011.6111219
LAPUH R (2011) EURAMET Countries' Legal Time Regulations and Practices, URL: https://www.euramet.org/technical-committees/tc-projects/
[bookmark: _Toc223950023][bookmark: _Toc223950473][bookmark: _Toc223950641][bookmark: _Toc223951077][bookmark: _Toc223951212][bookmark: _Toc224026041][bookmark: _Toc224029853][bookmark: _Toc224030275]ITU texts
Handbook “Satellite time and frequency transfer and dissemination” [ITU, 2010]
Recommendation ITU-T G.8260 – Definitions and terminology for synchronization in packet networks
Recommendation ITU-T G.8271 – Time and phase synchronization aspects of telecommunication networks
Recommendation ITU-T G.8271.1 – Timing characteristics of enhanced primary reference time clocks
Recommendation ITU-T G.8271.2 – Timing characteristics of coherent network primary reference time clocks





















Chapter 7	1

Chapter 8
Time as a Service

TABLE OF CONTENTS
Page
8.1	Overarching issues regarding the use of frequency sources		190
8.2	Reliability, good practice of installation		190
8.3	Resilience		191
8.4	Traceability		192

















[bookmark: _Toc223950024][bookmark: _Toc223950474][bookmark: _Toc223950642][bookmark: _Toc223951078][bookmark: _Toc223951213][bookmark: _Toc224026042][bookmark: _Toc224029854][bookmark: _Toc224030276][bookmark: _Hlk214463648]8.1	Overarching issues regarding the use of frequency sources
Time is ubiquitous and as has been seen, many sectors of modern technology are strongly dependent on the availability of local physical signals as well as of steering information so that a common time reference can be distributed in networks. In the previous chapters the different potential sources, steering references and dissemination services have been presented. The focus was in most cases on the performance, the achievable frequency accuracy and stability. 
The term Time as a Service has become somewhat popular, as many deployed systems do not only include the necessary elements for their operation but provide options to distribute the embedded time information to third parties, potentially beyond the borders of the system operator. In this case the operator needs to assure the origin of time information and its unaltered transport through the network. Ideally, all the steps from the agreed international time reference UTC or its realizations at an NMI are transparent up to the signal received by the end user, including the uncertainty of each step of conversion and routing. This is by far not an easy undertaking, and often the term traceability is employed without adherence to strict metrological traceability. In this chapter, some material has therefore been compiled on the topics’ traceability and, before that, on reliability and resilience. Each of the topics has been treated by numerous organizations and agencies in many documents in a verbose and often very general style. In order not to add one more contribution of that kind, the following content concentrates on some “simple” rules drawn from many years of practical work in the time and frequency business.
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What is the need for a frequency reference and/or time reference? Does it need to be traceable to the Sl second and/or to UTC? Does it need to be kept within some boundary frequency limit or time limit as part of a network? Does the signal at its full accuracy need to be available nominally 24/7/365? Which deviation from the ideal situation can be tolerated?
Any equipment, from the source to the end user terminal can – inevitably - fail. The choice of products must be guided a priori by the reliability specification of the vendor. If highest availability is requested, duplication or triplication of key elements are necessary. This comprises signal sources, receiving channels for timing information and equipment along the dissemination path.
The sophistication of the electrical installation depends on the local situation in the region or country. Feeding a time and frequency source with AC and DC in parallel should be standard. A double DC input can help when the equipment is supposed to be transported in operating conditions. In case that equipment is operated in duplicate at a given site, it should be powered by different circuits (different fuses) or even located in different rooms or buildings. Some frequency sources are sensitive to power line voltage changes. In addition, after a power outage, the frequency source may require several days or longer to reach a stable, accurate frequency again. For these reasons it is advisable to operate the frequency source from an uninterruptible power supply (UPS). A number of good commercial units are available. It is important that the size of the battery in the UPS be large enough to last for the longest expected outage and that the batteries be changed periodically since they have a limited lifetime. 
When the optimum performance is expected, the location of the installation must match the specifications of environmental sensitivity of the devices. At some level, all electric equipment is sensitive to temperature, humidity, ambient magnetic field, and vibrations. If the sensitivity is not specified by the manufacturer, it is safer to choose another product, unless one has the resources to determine the sensitivity by own means. It is unphysical to expect perfect insensitivity.
Looking on an installed system from a higher-level position one should try to identify potential single points of failure and modify the installation to avoid them. So-called automatic switches may indeed change from a defect input channel to another, but the output may suffer a short gap and a discontinuity in phase. Whether this is tolerable will depend on the application.
Much has been said on the weakness of GNSS signals and the ease of disturbing its reception, intentionally or unintentionally. In GNSS-disciplined oscillators, the hold-over capacity needs to be known, and the product adapted to the needs. Good examples are in the ITU-T recommendations which specify various types of Primary Reference Clocks, mentioned in Chapter 6. 
The reliability of devices and services will also likely be improved when following some ideas mentioned in the next section on resilience.
This section concludes with a short bullet list of potential sources of insufficient performance, inherited from the 1996 ITU-Handbook with the same title.
–	Ground loops
	When multiple instruments are interconnected, there is a problem of having multiple ground connections through which rather large currents can flow because of the low loop resistance. These currents cause extraneous voltages at the inputs and outputs of the various instruments. These voltages can degrade the performance of the frequency source, the distribution system and the measurement instrumentation. The best solution to this problem is to have all the ground connections made at a single point. This may require isolation transformers. 
–	Power-line related magnetic fields
	Electronic instruments contain power supplies which often have stray magnetic fields at the power line frequency (50 or 60 Hz). Depending on the quality of the supplies and the position in the electronics rack, this field has been measured to be as great as 50 T (500 milligauss). Careful positioning of the various instruments or magnetic shielding may be necessary to reduce the field enough so that it does not degrade the performance of the frequency source.
–	VSWR, cables, connectors
	The commonly used BNC connectors are notorious for mismatch and for delay variations and step changes. As an example of a cable length problem, the wavelength at 5 MHz is about 60 m. Unterminated cables with 1/4 [image: ] (15 m) electrical length, which is not uncommon for general use, can act like a short. Cables themselves can cause problems because of phase changes and jumps when they are moved or when the temperature is changed. Even if currently the use of electrical signals exceeding 18 GHz in frequency is quite rare, it is advised to use the following connectors, in increasing order of quality and suitability: BNC, TNC, N-type, SMA (up to 18 GHz). If higher, frequency signals shall be handled, then PC-3.5 mm (26.5 GHz), PC-2.92 mm (40 GHz), PC-2.4 mm (50 GHz), PC-1.85 mm (67 GHz) and PC-1 mm (110 GHz).
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The Cambridge Dictionary defines resilience as “the ability to be happy, successful, etc. again after something difficult or bad has happened”, and in another context as “the ability of a substance to return to its usual shape after being bent, stretched, or pressed”. In a technical context, a system may be called resilient when it operates irrespective of changing conditions and recovers rapidly after a disruption, an attack from outside or an incident. One may distinguish between autonomous recovery or recovery involving human interaction. The most trivial action that may be needed during recovery from a power failure is the manual re-boot of the IT system that monitors and controls the local installation. IT-security in general, however, is beyond the scope of this Handbook. A wider interpretation of resilience has been proposed by Erik Hollnagel [Hollnagel et al., 2013] as “The intrinsic ability of a system to adjust its functioning prior to, during, or following changes and disturbances, so that it can sustain required operations under both expected and unexpected conditions.” This implies not only resistance to disturbances but the capacity to adapt under disturbances. 
The following features of a system architecture help to speed up or even enable recovery after a major disruption:
–	Documentation of the system architecture (e.g. signal routing, software driving measurement equipment) are updated and available easily at a well-known place.
–	During normal operation, all elements are monitored, and internal parameters are logged and stored on a server out of the laboratory in parallel.
–	Local frequency standards are compared using duplicate measurement systems via PPS signals and/or frequency signals. Again, availability of the last recorded data should be easily accessible.
–	Data sets in storage should indicate the time of data taking, the measurement quantity, and the unit of measurement results.
–	In case that data are exported to third parties, like GNSS data files or clock measurement data etc., the IT routine to affect the transfer is understandable and allows to check which data export has eventually failed. Logging all transactions is very helpful.
–	Key devices should ideally be kept in storage to be ready for replacement of a defect device. Some care is needed that the configuration of ports and power supplies is sufficiently similar so that cabling need not be changed. 
An option to prepare for potential disruptions is the set-up of a watchdog system. It should record relevant internal parameters, but also, e. g. the size of a file that nominally should grow during a day and compares to the expected values or behaviour. In case of mismatch alarm is distributed in a suitable way to competent staff. Timely detection of anomalous behaviour is a key preventive measure. Another measure is keeping all software and firmware updated as far as possible and monitoring available storage capacity routinely.
One could add many detailed suggestions, but they would be very much tailored to specific applications or equipment. On the other hand, a very competent document was released by NIST [Sherman et al., 2021] which is recommended for further reading.
[bookmark: _Hlk223424758]An attempt at a common framework for classification into graded resilience levels is the scope of the ongoing IEEE Standards Association project IEEE P1952: Standard for Resilient Positioning, Navigation, and Timing (PNT) User Equipment. Note that the scope for its classification is limited to user equipment, explicitly excluding PNT sources, such as GNSS satellites or ground stations. At the same time, the text feeds its classification from assumptions about those PNT sources and their workings. Note also that the scope goes beyond timing and not only includes spatial positioning, but puts its emphasis on it. Proposed graded resilience levels have been the following:
1	Detect (and alert): The user equipment can detect any adversity that might prevent equipment from maintaining acceptable PNT performance 
2	Recover: The user equipment can automatically regain acceptable PNT performance, once the adversities are no longer present
3	Resist: The user equipment can maintain acceptable PNT performance even under adversity, for some period of time
4	Withstand: The user equipment can maintain acceptable PNT performance indefinitely, even under adversity
5	Verify: The user equipment can determine with certainty whether any PNT information it receives is correct
Note that the resilience levels and their wording are based on an ongoing project as of March 2026, so the language and proposed classification are subject to change.
[bookmark: _Toc378748746][bookmark: _Toc382282016][bookmark: _Toc223950027][bookmark: _Toc223950477][bookmark: _Toc223950645][bookmark: _Toc223951081][bookmark: _Toc223951216][bookmark: _Toc224026045][bookmark: _Toc224029857][bookmark: _Toc224030279]8.4	Traceability
This final section of the chapter was motivated by the following observations. As noted previously on several occasions, access to accurate time is indispensable for the functioning of modern infrastructure world-wide in virtually all sectors, including electrical power supply, telecommunications, financial institutions, time and frequency metrology, and (quite naturally) positioning and navigation. In some of the above sectors, the demand for demonstrating traceability to national or international standards has been imposed by legislation or regulation. This becomes particularly relevant when organizations advertise Time as a Service. Reference to UTC is made in many normative documents and international standards issued by and applicable in such user groups that share an interest in timing. Often the word “traceability” is found in such documents but not used with the strict meaning applying in the metrology community. 
The reception of signals from Global Navigation Satellite Systems (GNSS) has developed as a common standard in equipment in use. In addition to the broad use of GNSS for navigation, positioning and scientific applications, the GNSS also fulfil an effective time dissemination function. This is inherent in the basic technical functionality of a GNSS, as explained in Chapters 6 and 7 of this Handbook. The impression is often raised that such GNSS reliance would already provide the required metrological traceability to UTC of disseminated time signals, based on the GNSS input. In reply to this, the BIPM had created a Task Group to elaborate on the subject, and its findings have been compiled in [Defraigne et al., 2022]. A more detailed version (the White Paper) can be obtained from BIPM with a request to tai@bipm.org.
In the following, the main thoughts from these two publications are given. 
The International vocabulary of metrology (VIM) reference document provides a definition of “metrological traceability” to a given reference [JCGM, 2012]: it is the “property of a measurement result whereby the result can be related to a reference through a documented unbroken chain of calibrations, each contributing to the measurement uncertainty”. The ITU-R adopted an almost identical definition in its Glossary [Recommendation ITU-R TF.686 – Glossary]: “The property of the result of a measurement or the value of a standard whereby it can be related to stated references, usually national or international standards, through an unbroken chain of comparisons all having stated uncertainties”. In simple words this means: From the source of timing information to the end user the individual steps of signal generation, processing, and transmission should be transparent to the end user. Each step potentially entails a delay or alteration of the forwarded signal which need to be determined by a calibration, including its uncertainty. A good example is the GNSS delay calibration scheme practised by the BIPM as explained in Chapter 5. 
Three use categories can be distinguished:
1)	Use of GNSS signal-based information and data, including the control of a local oscillator, for internal applications;
2)	Same as 1) but explicit reference is made to “traceability to UTC”;
3)	Calibration laboratories using GNSS signals as source of reference signals for their services offered to third parties.
Uses in the realm of ITU will fall in categories 1 and 2, and proposals have been included in [Defraigne et al., 2022], suggesting how to achieve the traceability strived for. Validating legal traceability generally requires some form of log file system and may require monitoring by an external regulatory authority. The details are defined by local statutes or regulations.
[bookmark: _Toc378564738]In closing the Chapter on Time as a Service, it is recalled that legal prescriptions or regulations issued by many user communities ask for traceability to national or international standards when measurements are made or when time stamps are issued. This trend is in line with general metrological requirements. International consistency and comparability of measurements are essential to ensure that measurement results can be universally accepted. To achieve this, measurement results need to be metrologically traceable to internationally recognized references. This required level of traceability is not attainable by blindly trusting the output of any GNSS device. For other externally supplied time references, similar considerations apply. 
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[bookmark: _Toc223950028][bookmark: _Toc223950478][bookmark: _Toc223950646][bookmark: _Toc223951082][bookmark: _Toc223951217][bookmark: _Toc224026046][bookmark: _Toc224029858][bookmark: _Toc224030280]9.1	Introduction
This Chapter describes the fields of standard time and frequency that have made rapid progress since the 2000s and are expected to develop further in the future – namely, optical frequency standards, optical clocks and their applications in time scale, geodesy and information and communication technologies.
Atomic clocks based on microwave transitions contributed greatly to the establishment of time and frequency standards in the latter half of the 20th century. However, atoms also possess optical transitions at much higher frequencies, and optical frequency standards based on these transitions have achieved dramatic progress in the 21st century. Since optical transitions are typically four to five orders of magnitude higher in frequency than microwave transitions, their fractional frequency uncertainty can be significantly reduced for the same level of absolute uncertainty.
Such high precision also reveals relativistic frequency shifts that were previously negligible, giving rise to new applications, such as using a stationary frequency source as a sensor for measuring gravitational potential.
Another important domain where time and frequency standards play a crucial role is information and communication technology (ICT). In wireless communications, same frequency between the transmitter and the receiver is a fundamental prerequisite for communication, and the importance of frequency standards has long been recognized while the need for phase/time alignment has become important relatively recently in the context of mobile networks. In wired communication, particularly in optical fibre systems, the unambiguous definition of optical frequency is also indispensable. In recent years, the importance of time synchronization within communication networks has been increasing rapidly.
[bookmark: _Toc223950029][bookmark: _Toc223950479][bookmark: _Toc223950647][bookmark: _Toc223951083][bookmark: _Toc223951218][bookmark: _Toc224026047][bookmark: _Toc224029859][bookmark: _Toc224030281]9.2	Optical frequency standards
Optical frequency standards [Ludlow et al., 2015; Fortier et al., 2026] are based on electronic transitions of atoms or ions in the optical domain, in contrast to microwave clocks probing hyperfine transitions in the ground states. These transitions are chosen for their narrow natural linewidth, and their low sensitivity to environmental perturbations. Such narrow transitions can typically be inter-combination lines between the lowest lying single and triplet electronic spin states in divalent atoms (such as alkaline-earth like atoms e.g. Sr, Yb, Hg, Mg, Cd,..., or ionic species such as Al+, In+), or multi-polar transition (such as quadrupole transitions in Sr+, Ca+, Hg+, Lu+, or octupole transitions in Yb+).
These optical transitions, which span the visible spectrum from red to ultra-violet with sub-Hz linewidth, exhibit extreme quality factors on the order of 1015. These large quality factors yield record fractional frequency instabilities from 10−15 to sub 10−16 at 1 s, offering the ability to resolve and control systematic effects in the 10−19 range after only hours or days of integration.
The clock transitions of optical clocks are probed by narrow linewidth, coherent laser sources, typically obtained by pre-stabilizing the frequency of the laser on an ultra-stable Fabry-Perot cavity. The frequency noise of these laser sources plays a crucial role in the performances of optical clocks: the coherence time of the laser is a factor limiting the maximum probing time of the clock transitions; the stroboscopic sampling of this noise by the operation cycle of the clock (known as the Dick effect) is a significant contribution to the final frequency noise of optical clocks. Because these two effects set the current instability of optical clocks, the improvement of ultra-stable cavity is an active domain of research (see § 9.2.3).
The Doppler effect is one of the main effects that limit the systematic uncertainty of state-of-the-art microwave frequency standards (atomic fountain clocks). Because the relative frequency shift arising from this effect only depends on the velocity of atoms, exploiting the fine accuracy permitted by optical transitions requires departing from the fountain geometry. Indeed, optical frequency standard rather make use of trapped ions or atoms, tightly confined over a size less than the optical wavelength, in the so-called Lamb-Dicke regime [Dicke, 1953]. This confinement ensures that the motion of atoms or ions is quantized, effectively changing the Doppler-broadened spectrum of free atoms with discrete resonances, the central one being unaffected by the motion of the atom [Wineland, 1979]. The methods used for this trapping classify optical clocks in two categories: single ion optical clocks in electromagnetic traps, or neutral atom clocks in optical lattices.
[bookmark: _Toc223950030][bookmark: _Toc223950480][bookmark: _Toc223950648][bookmark: _Toc223951084][bookmark: _Toc223951219][bookmark: _Toc224026048][bookmark: _Toc224029860][bookmark: _Toc224030282]9.2.1	Single ion clocks
Ion clocks typically probe a single ion in a Paul trap, confining an ion using and oscillating RF electric potential. This tight confinement, associated with laser cooling results in trapping lifetimes reaching up to several months. The typical systematic effects that limit the accuracy of these clocks are the residual micro-motion in the oscillating trap-field, as well as the blackbody radiation frequency shift. But optimized trap design allows to finely control these effects. The excellent control of systematic effects in ion clocks, together with the availability of ion species with intrinsically low sensitivity to systematic effects such as Al+, In+ or Lu+, results in the recent demonstration of ion clocks with total systematic uncertainty in the low 10−18, or even the 10−19 range [Huntemann et al., 2018; Marshall et al., 2025]. However, ion clocks probe a single ion at a time because of the Coulomb interaction between ions. Consequently, their fractional frequency stability is limited by the fundamental Quantum Projection Noise associated in the 10−16 range at 1 s. To improve on this limit, new research topics include probing ions for extended durations, performing correlation spectroscopy using several clocks, or designing micro-fabricated ion traps able to trap tens of ions at a time. These multi-ion traps can for instance be achieved with In+, benefiting from their low quadrupole shift [Hausser et al., 2025].
[bookmark: _Toc223950031][bookmark: _Toc223950481][bookmark: _Toc223950649][bookmark: _Toc223951085][bookmark: _Toc223951220][bookmark: _Toc224026049][bookmark: _Toc224029861][bookmark: _Toc224030283]9.2.2	Neutral atom clocks
Using neutral atoms allows to escape the limitations arising from the Coulomb interaction between ions, hence opening the possibility to probe thousands or more atoms simultaneously, thereby decreasing the Quantum Projection Noise by several orders of magnitude. The counterpart is the difficulty to trap atoms in the Lamb Dicke Regime without perturbations to the transition frequency. In optical lattice clocks, this is achieved by confining laser cooled atoms in a powerful standing laser beam, the atoms being attracted to the intensity maxima of the standing wave by the dipole force. The light shift on the clock frequency induced by this powerful trapping laser is effectively cancelled at the “magic wavelength” [Ido, 2003], [Devianko and Katori, 2011; Ludlow and Ye, 2015] a particular wavelength of the trapping laser for which the polarisabilities of the two clock states are identical. Prominent systematic effects in optical lattice clocks are the residual lattice light shift, cold collisions between trapped atoms, and the black-body radiation shift. These effects are currently well characterized in the low 10−18 range. A key advantage of optical lattice clocks is the low Quantum Projection Noise, scaling down as the square root of the number of atoms simultaneously trapped. As such, the Dick effect remains an important limitation for optical lattice clocks, with demonstrated instabilities below 10−16 at 1 s. Nevertheless, optical lattice clocks offer interesting perspective to further improve their stability and accuracy, such as probing up to 106 atoms in shallow multidimensional lattices.
[bookmark: _Toc223950032][bookmark: _Toc223950482][bookmark: _Toc223950650][bookmark: _Toc223951086][bookmark: _Toc223951221][bookmark: _Toc224026050][bookmark: _Toc224029862][bookmark: _Toc224030284]9.2.3	Specialized optical clocks
Other optical transitions are under consideration for optical clocks, mainly the low energy nuclear transition in the nucleus of 229Th ions, lying in the UV (148 nm), or electronic transitions in various highly charged ions. These transitions offer numerous advantages for fundamental research, owing to their different nature from more conventional optical clocks, e.g. for the search for variation of fundamental constants [Peik et al., 2021]. Also, nuclear transitions are more immune to environmental perturbations, allowing for probing a large number of ions in crystalline matrices without experiencing a prohibitive broadening of the transition. However, their practical applications remain limited by the cumbersome technology required to produce them and to probe their clock transition in the UV domain [Tiedau et al., 2024].
[bookmark: _Toc223950033][bookmark: _Toc223950483][bookmark: _Toc223950651][bookmark: _Toc223951087][bookmark: _Toc223951222][bookmark: _Toc224026051][bookmark: _Toc224029863][bookmark: _Toc224030285]9.2.4	Optical local oscillators and frequency combs
Ultra-stable lasers are used to probe the narrow transition of optical clocks. Most of them are obtained by locking the laser frequency on a high finesse, ultra-stable optical resonator composed of a pair of highly reflective mirrors contacted to a hollow spacer. In the locking process, the relative frequency fluctuations of the laser become limited by the relative length fluctuations of the cavity. An important effort has thus been dedicated to cancelling effects affecting the length of optical cavities: mechanical vibrations are reduced by a proper design of the cavity shape and support points, together with the use of vibration-insulating platforms; deformations resulting from thermal fluctuations are mitigated by the use of spacers made of Ultra-Low-Expansion Glass, of compensation rings placed at the back of the cavity mirrors, and by in-vacuum thermal shielding; the impact of electronic noise in the lock is reduced by using high finesse cavities (> 105). Once these technical noise sources are made negligible, one faces the thermal noise of the material, resulting from mechanical dissipation processes. The thin reflective coating layer at the surface of the mirror is the dominant source of thermal noise, typically in the 10−16 range. Strategies to reduce this effect include the design of longer cavities, the use of structured reflective material with lower mechanical damping (semi-conductor based crystalline coatings), or large area cavity modes. Ultimately, silicon or sapphire cavities in cryogenic environments are an active research topic to further reduce the thermal noise, with instabilities now approaching 10−17.
Although optical cavities have very low short term (< 100 s) instability, they remain highly sensitive to environmental fluctuations in the mid to long term. For this reason, a suitable drift compensation method must be implemented when probing optical transitions with cavity-stabilized lasers, e.g. based on comparisons with H-masers, or with high up-time operational optical clocks. Nevertheless, single crystal cryogenic silicon cavities can feature a low and predictable drift, well below the MHz/s mark. These cavities could be used in the future as a key ingredient for all-optical time scales, replacing H-masers.
State-of-the-art optical cavities are often built at telecom wavelength, taking advantage of ubiquitous laser sources and components available in this domain. Transferring the cavity's frequency stability is then ensured by an optical frequency comb, a pulse laser whose spectrum is composed of phase coherent lines with a regular spacing in the RF domain. Frequency combs have now matured into commercially available devices. A typical usage of frequency comb is to directly lock them on an ultra-stable laser: this effectively makes every single tooth of the comb an ultra-stable frequency reference, possibly extending over the whole visible spectrum (so-called super-continuum references). Optical frequency combs are thus used to compare optical clocks with different clock frequencies with negligible instability and inaccuracy (below 10-19); but they can also be used to transfer the stability of optical sources (cavity-stabilized ultra-stable lasers, and optical clock signals) down to the RF domain.
[bookmark: _Toc223950034][bookmark: _Toc223950484][bookmark: _Toc223950652][bookmark: _Toc223951088][bookmark: _Toc223951223][bookmark: _Toc224026052][bookmark: _Toc224029864][bookmark: _Toc224030286]9.2.5	Comparison of optical clocks
Comparing optical clocks is a crucial test to measure their frequency stability and to confirm their systematic evaluation. For the last decade, optical clocks have been compared with total uncertainties surpassing the realisation of the SI second. These comparisons showed agreements in the 10−17 to 10−18 range, but also sporadically exhibited disagreement up to 10−16. This illustrates that regular, renewed clock comparison are a stringent test of their performances.
The first generations of optical clocks were remotely compared via micro-wave oscillators, either by comparison with primary frequency standards, or through GNSS signals. These comparison methods are nevertheless limited at the 10−16 level, hence they are not adapted to the current performances of optical clocks. To compare remote optical clocks at the continental scale, phase compensated optical fibre links can be deployed over thousands of kilometres. The bidirectional probing of these links allows to measure and compensate for phase perturbation occurring in optical fibres. The attenuation in optical fibre is a significant challenge for long distance links, which is circumvented by installing amplifiers and repeating stations. Phase compensated fibre networks can be operated over dark fibre, or over a dark channel in existing fibres used for telecommunications. The latter offer the advantage of having a better accessibility but require bypassing any existing unidirectional amplifier within the network [Schioppo et al., 2021], [Koke et al., 2021].
Transportable optical clocks allow the comparison of optical clocks that are not connected by optical fibre links. Several such clocks have been demonstrated in Asia, Europe, and America, with total uncertainties from 10−17 to 10−18. The engineering effort conducted in several projects led to the recent availability of high performance commercial optical clocks.
[bookmark: _Toc223950035][bookmark: _Toc223950485][bookmark: _Toc223950653][bookmark: _Toc223951089][bookmark: _Toc223951224][bookmark: _Toc224026053][bookmark: _Toc224029865][bookmark: _Toc224030287]9.3	Commercial optical clocks
With continued progress in research on optical frequency standards, the development of commercial optical clocks has begun in recent years (i.e. 2020s) [Schmittberger, Marlow and Scherer, 2021]. At present, however, their deployment remains more limited than that of microwave atomic clocks such as caesium clocks and hydrogen masers, since a certain level of specialized knowledge is still required for their operation and maintenance. As a result, widespread use in large-scale infrastructures such as telecommunication networks and data centres is yet to come.
Nevertheless, optical clocks based on room-temperature atoms stabilized to atomic or molecular transitions can achieve a level of frequency stability comparable to that of general-purpose hydrogen masers, while being implemented in compact enclosures, for example within a 19-inch rack occupying approximately 4U. It should be noted that, although these systems rely on optical atomic transitions, almost all practical users require microwave-frequency outputs. Therefore, a commercial optical clock is of limited practical value unless it provides a microwave-frequency output derived from the optical reference.
For this reason, commercial development of optical clocks was very limited during the early years of this century. The emergence of fibre-based optical frequency combs has fundamentally changed this situation, enabling compact and efficient conversion from optical to microwave frequencies, and thereby promoting the commercialization of optical clocks.
In addition, commercial clocks based on laser-cooled atoms or ions can achieve an unprecedented level of accuracy for commercially available devices, reaching uncertainties below 1 × 10−¹⁵. At present, four types of optical atomic clocks operating in the optical domain have reached the stage of commercialization and are available for procurement. These systems exhibit performance equal to or exceeding that of caesium clocks and hydrogen masers. An overview of each type is provided below.
[bookmark: _Toc223950036][bookmark: _Toc223950486][bookmark: _Toc223950654][bookmark: _Toc223951090][bookmark: _Toc223951225][bookmark: _Toc224026054][bookmark: _Toc224029866][bookmark: _Toc224030288]9.3.1	Optical atomic clocks based on the RB two-photon transition 
Alkali atoms exhibit a two-photon transition from the ground state S₁/₂ to the D₅/₂ state. Energetically, an intermediate P₃/₂ state lies approximately halfway between these two levels and is strongly dipole-allowed with respect to both states. As a result, the two-photon transition can be excited relatively efficiently.
When the two-photon transition is driven by two counter-propagating laser beams, atomic recoil associated with photon absorption is cancelled, enabling Doppler-free spectroscopy. In this configuration, absorption resonances with linewidths of a few megahertz or less can be obtained. Furthermore, because the spectroscopy is Doppler-free, atoms with all velocity classes contribute to the signal, which is advantageous for signal strength. A review of optical atomic clocks based on the Rb two-photon transition is available in the literature [Obaze-Adeleke et al., 2025].
Although the transition is described as relatively easy to excite, the laser frequency is detuned by approximately 1 THz from the S₁/₂–P₃/₂ single-photon resonance. Consequently, when a single laser source is used to drive the two-photon transition, a high optical intensity is required. This leads to a significant AC Stark shift, and the long-term frequency stability is therefore strongly dependent on the stability of the optical power.
An alternative approach employs two optical fields resonant with the S1/2-P3/2 (780 nm) and P3/2-D5/2 (776 nm) transitions, respectively, with the reference frequency derived from their sum frequency. In this case, near-resonant spectroscopy can be performed with lower optical intensities. However, the spectroscopy is no longer fully Doppler-free, resulting in broader linewidths and a dependence on atomic temperature.
Both approaches are currently implemented in commercially available Rb optical frequency standards. The adopted scheme can generally be identified from the wavelengths of the optical outputs provided by the system.
In terms of performance, both types typically achieve a short-term stability of approximately 1 × 10−¹³ at 1 s averaging time, and a long-term stability in the 10⁻¹⁵ range. This level of performance is comparable to that of hydrogen masers, and Rb two-photon optical standards are therefore considered promising candidates as potential alternatives to hydrogen masers.
[bookmark: _Toc223950037][bookmark: _Toc223950487][bookmark: _Toc223950655][bookmark: _Toc223951091][bookmark: _Toc223951226][bookmark: _Toc224026055][bookmark: _Toc224029867][bookmark: _Toc224030289]9.3.2	Optical frequency standards based on I₂ molecular transitions 
Molecular iodine (I₂) exhibits a large number of absorption lines, some of which coincide with the emission wavelengths of gas lasers and solid-state lasers. In the 20th century, iodine-stabilized He–Ne lasers operating at suitable transitions were developed and commercialized.
In the final decade of the 20th century, solid-state Nd:YAG lasers with low phase noise became available. By stabilizing the output frequency of such lasers to iodine molecular transitions, systems with improved short-term stability were developed. Initial developments were carried out at research institutes in the early 2000s, and in 2020s, compact commercial systems fitting within a 19-inch rack occupying approximately 3U have become available in some countries [Roslund et al., 2024].
With respect to performance, the long-term stability (on the order of one day) is comparable to that of Rb two-photon optical standards. Owing to the use of a solid-state laser as the primary oscillator, the short-term stability is superior, typically reaching approximately 3 × 10⁻¹⁴.
[bookmark: _Toc223950038][bookmark: _Toc223950488][bookmark: _Toc223950656][bookmark: _Toc223951092][bookmark: _Toc223951227][bookmark: _Toc224026056][bookmark: _Toc224029868][bookmark: _Toc224030290]9.3.3	Optical clocks based on the laser-cooled single ions or atoms 
Two kinds of optical clocks based on laser-cooled ions or atoms have been commercialized around 2025. The electric quadrupole (E2) transition in Yb⁺ ions was among the first systems developed for optical single-ion clocks. Through public–private collaboration in Germany, this technology has been successfully commercialized and is now available for procurement. The achievable systematic uncertainty is at the level of 10⁻¹⁷ [Stuhler et al., 2021]. Optical lattice clocks generally involve more complex system architectures than single-ion clocks. Nevertheless, through public–private collaboration in Japan, the commercialization of optical lattice clocks based on strontium atoms has been achieved, and such systems are now available on a commercial basis [Muramatsu et al., 2024].
[bookmark: _Toc223950039][bookmark: _Toc223950489][bookmark: _Toc223950657][bookmark: _Toc223951093][bookmark: _Toc223951228][bookmark: _Toc224026057][bookmark: _Toc224029869][bookmark: _Toc224030291]9.4	Applications
[bookmark: _Toc223950040][bookmark: _Toc223950490][bookmark: _Toc223950658][bookmark: _Toc223951094][bookmark: _Toc223951229][bookmark: _Toc224026058][bookmark: _Toc224029870][bookmark: _Toc224030292]9.4.1	Optically steered time scale
The maturation of optical frequency standards opens the possibility of using them for frequency steering of local time scale signals [Yao et al., 2018]. Although UTC is a paper clock, NMIs realize and disseminate a real-time signal, UTC(k), to society, which is steered to remain consistent with UTC. Because the offset between UTC and UTC(k) is reported with a latency of about one month in Circular T issued by the BIPM, steering based solely on Circular T is inherently inefficient.
International Atomic Time (TAI) is generated so that its scale interval is identical to the SI second within the uncertainty of clocks used as reference (see Chapter 5). Therefore, with respect to the scale interval, an NMI possessing a high-accuracy local frequency reference can generate an accurate time scale by steering its scale interval to match that of the local reference. While a Cs fountain clock operating in high-accuracy mode requires nearly one day of averaging to evaluate the fractional uncertainty of a hydrogen maser (HM) at the mid-10⁻¹⁶ level, an optical clock can achieve comparable stability within only a few hours of operation, limited primarily by the HM. This enables rapid calibration of the UTC(k) scale interval, making it possible to perform steering through regular intermittent operation of relatively short runs [Hachisu et al., 2018]. Using an optical oscillator instead of a microwave flywheel would ideally allow the realization of a purely optical time scale. An attempt using a cavity-stabilized laser has already been reported [Milner et al., 2019].
Consequently, UTC(k) realizations in which the scale interval is steered using optical clocks rather than traditional Cs fountain standards are beginning to emerge. However, continuous 24/7/365 operation of a single optical clock remains technically challenging, and achieving redundancy with multiple optical clocks to ensure uninterrupted signal delivery is not yet straightforward. Nevertheless, the 24/7 availability of a standard frequency derived from an optically generated stable time scale would be highly beneficial.
[bookmark: _Toc223950041][bookmark: _Toc223950491][bookmark: _Toc223950659][bookmark: _Toc223951095][bookmark: _Toc223951230][bookmark: _Toc224026059][bookmark: _Toc224029871][bookmark: _Toc224030293]9.4.2	Chronometric geodesy
In relativity, two distinct concepts of time exist: proper time and coordinate time. The one-second interval realized by an atomic clock corresponds to proper time, whereas International Atomic Time (TAI) is defined within the framework of coordinate time. Therefore, the timescale intervals produced by national metrology institutes’ atomic clocks are converted into coordinate-time intervals by taking relativistic effects into account before being used for the calibration of the TAI scale rate.
The conversion factor is determined by two primary effects: the special relativistic effect due to the velocity of the clock and the general relativistic effect due to the gravitational potential at the clock’s position. The latter has a particularly large influence. A height difference produces a fractional frequency shift of , corresponding to a fractional frequency shift of approximately 10−16 per one meter of height difference – comparable to the present uncertainty level of primary frequency standards.
Optical frequency standards achieve uncertainties two orders of magnitude smaller, reaching the 10−18 level, and thus offer the possibility of serving as sensors for directly measuring gravitational potential. This new application, known as chronometric geodesy, was once a theoretical idea but is now a realistic research field [Wu et al., 2019].
The advantages of optical clocks as sensors arise not only from their extremely small uncertainty but also from their superior short-term stability, which enables detection of dynamic variations in the gravitational environment that were beyond the capability of microwave standards.
While gravimeters measure the gradient of the gravitational potential – that is, the local acceleration due to gravity – optical clocks measure the potential itself. Furthermore, optical clocks can only observe frequency differences between two clocks; therefore, by connecting two distant clocks via an optical fibre link and measuring their frequency difference precisely, the gravitational potential difference between the two sites can be determined. This approach can be applied not only to evaluate static height differences but also to detect temporal variations in gravitational potential through long-term observations.
Such measurements are expected to reduce cumulative errors in height determination. When heights measured by optical clocks are used as reference points (pivots) for levelling networks, the accumulated errors in conventional levelling can be greatly mitigated. Moreover, this technique allows determination of potential differences between locations separated by oceans, something impossible by conventional levelling.
In addition, monitoring time variations of potential differences with optical clocks could enable the detection of mass redistributions within the Earth, such as magma movement or tectonic plate motion. The gravitational effect of a mass varies inversely with the square of the distance from that mass, while its effect on gravitational potential varies inversely with the first power of distance. Consequently, gravimeters are more susceptible to noise from near-surface mass changes (e.g. groundwater), whereas optical clocks, acting as potential meters, are more sensitive to deeper mass variations within the Earth.
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Synchronization in the context of information and communication systems is typically provided within a localized network, in which an approximation of UTC is obtained from a GNSS-disciplined oscillator and distributed using such protocols as NTP (Network Time Protocol) and PTP (Precision Time Protocol), see Chapter 6. Such a localized network could be a segment of a telecommunication backbone (constrained to a building, a region, or entire country), a power substation, a data centre, or TV broadcasting studio. The synchronization requirements in such systems are divided into two parts:
1)	Accuracy of synchronization within the network, discussed in Chapter 6.
2)	Accuracy of approximation of UTC, discussed in Chapters 5 and 6, as well as referred to in Chapter 8.
For example, the most stringent requirements defined as of writing (2025) for telecommunication networks require enhanced Primary Reference Time Clock (ePRTC) to provide UTC approximation to within 30 ns. A widespread reliance on GNSS for providing such UTC approximation is reaching its performance limits and has been identified as vulnerability. Large-scale space weather events such as solar flares, or intentional interference such as jamming or spoofing, can cause GNSS reception failures and disrupt communications. This vulnerability is not limited to telecommunication networks but also affects critical infrastructures such as broadcasting, power grids, and finance, leading to an international recognition of the need for terrestrial time distribution systems independent of GNSS [Divis, 2019], [US 2020]. Therefore, alternative and/or complementary solutions to GNSS are being implemented. These include fibre-based direct connections to sources of UTC(k) as well as enhanced holdover capabilities. 
In this context, exceptional stability of optical clock, once available for industry applications, can address future requirements in terms of accuracy of UTC approximation and duration of holdover when GNSS is not available.
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With the advent of optical clocks, now surpassing their microwave counterpart by at least a solid order of magnitude, the possibility to redefine the SI second, replacing the Cs transition by optical transitions, is currently being addressed by the time and frequency community. However, raw performance is not the only step to make such a redefinition possible. Indeed, optical clocks have to further confirm their systematic uncertainty by repeated inter-comparisons between independent clocks, and to show that they can replace Cs primary standard in an operational way. A significant step toward this latter goal has already been achieved by the first calibration of the scale interval of international atomic time (TAI) with optical clocks, dating back to 2014 for the first calibration and to 2019 for the first steering calibration. In initial stage, intermittent operations of optical clocks provide a calibration of a local flywheel oscillator such as hydrogen maser, but some optical clocks have achieved uptime ratios of more than 90%, similar to Cs fountain standards. Since then, as much as eleven optical frequency standards have produced TAI calibration with time series up to one year. 
Building on these progresses, the working group of the Consultative Committee for Time and Frequency has crafted a roadmap towards the redefinition of the SI second [Dimarcq et al., 2024]. This roadmap introduced quantitative criteria that optical clocks must achieve before deemed ready for the redefinition, in terms of performances, cross comparisons, link to the current SI second, and steering of TAI. If the reader is interested to follow the development in time, it is suggested to enter “BIPM Redefinition of the second” in the browser. The webpage is continuously updated. As of 2026, the above objectives are not complete, but advanced enough to envision a redefinition as early as 2030 or 2034. For this a consensus will have to be reached not only about the atomic species that will be chosen for the redefinition, but also about either single or multiple transitions [Lodewyck, 2019] are suitable for the redefinition. It is not straightforward as of 2026 since many species and even technologies (ion or neutral atom clocks) are currently evenly matched.
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The chapters in this Handbook discuss many different types of clocks and oscillators, and methods for describing the stability and accuracy of these devices. In addition, the Handbook includes a discussion of how different devices can be combined into clock ensembles, in which the performance of the ensemble is better (in a statistical sense) and more reliable than any one of its members. Finally, the Handbook presents techniques for distributing time and frequency information. The Handbook presents an introduction and a general overview of each of these subjects, and the readers are encouraged to consult the very extensive list of references for a more in-depth discussion of each topic. The next sections summarize the current state of each of these major subjects and include a prediction of the likely developments in the near-term future.
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[bookmark: _Toc223950047][bookmark: _Toc223950497][bookmark: _Toc223950665][bookmark: _Toc223951236][bookmark: _Toc224026065][bookmark: _Toc224029877][bookmark: _Toc224030299]10.2.1	Devices based on a mechanical resonance
Oscillators and clocks that use the mechanical properties of quartz crystals or micro-electronic mechanical systems (MEMS) as the frequency reference are very widely used because they are small, cheap, and require a very modest power source. The oscillation frequency of the device is sensitive to fluctuations in the ambient temperature and other environmental effects, so that the temperature of the device may be stabilized (OCXO, oven-controlled crystal oscillator) or the devices can include additional components to minimize the impact of temperature variations (TCXO – temperature compensated crystal oscillator). Special-purpose TCXO-based devices have reduced sensitivity to accelerations (Low-g-sensitivity) and very low phase noise. The frequency of a voltage-controlled oscillator (VCO) can be adjusted over a relatively narrow range by applying a voltage to a voltage-sensitive reactive element in the oscillator circuit. 
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Atomic clocks lock the frequency of an oscillator to the frequency associated with the transition between two states of the atom. The oscillator is typically a voltage-controlled device described in the previous section. Although any transition could be used for this purpose in principle, there were engineering advantages to using the hyperfine transition in the ground states of hydrogen, rubidium, or caesium, and devices based on these frequencies are still the most widely used atomic clocks. The output frequency is usually generated by the oscillator – the atoms act as a frequency discriminator to control the oscillator frequency in the passive devices that are based on a transition frequency in rubidium or caesium. Hydrogen masers are often configured as active devices – state-selected hydrogen atoms are injected into a high-Q resonant cavity, and the reference for the local oscillator is produced by the stimulated emission of the atoms in the cavity. The stability of the reference frequency is degraded if the frequency of the hyperfine transition is different from the resonant frequency of the cavity, and active masers include some form of “auto-tuning” to minimize this effect. 
A number of different methods are used to lock the oscillator to the atomic transition. The method of controlling the oscillator has a finite bandwidth, so that the statistical characteristics of the devices are dominated by the free-running characteristics of the oscillator at very short times. The long-term stability is derived from the characteristics of the atomic transition, but this stability is often not realized in practical devices because of interactions between the atoms and the surroundings, which perturb the energies of the clock states. These interactions may change slowly in time, so that atomic clocks may exhibit long-term frequency drifts. These drifts are significant in hydrogen masers and most rubidium devices because the atoms are in a cell, and collisions with the walls are important. The cells in rubidium devices are usually filled with a buffer gas to minimize these collisions, and the cells in hydrogen masers have special coatings. The drifts are reduced by these measures, but are usually not removed completely, so that the drift in frequency is often the dominant limitation to the long-term stability of rubidium and hydrogen devices. 
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All of the atomic clocks described in the previous section produce microwave frequencies, and this was an important characteristic when they were designed because the output signals could be processed by the electronic components of that time. A higher frequency would be potentially more favourable, other things being equal, and this consideration was important in the choice of the hyperfine transition in the ground state of caesium as the reference frequency.
The development of optical combs (Fortier and Baumann, 2019) changed this calculation because they provided a way of linking an optical frequency to a much lower frequency, which could then be processed electronically. The increase in the frequency of the reference by about a factor of 105 would more than compensate for the increase in the complexity of the device, and results to date confirm this better stability.
The link between optical and microwave frequencies that is provided by an optical comb is not very sensitive to the value of the optical frequency, so that there is no clearly best transition for a re-definition of the standard of frequency in 2025 (Dimarcq et al., 2024).
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The future developments of clocks and oscillators is likely to focus on two areas: (1) improvements in the stability and accuracy of devices that minimize size, weight and power (SWaP). The chip-scale atomic clock is an example of this development; and (2) improving the accuracy and reliability of frequency references based on optical transitions that will lead to a re-definition of the standard of frequency, probably by 2036.
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Ensembles of clocks are widely used in National Metrology Institutes, timing laboratories, and other facilities to generate a time and frequency reference that has better statistical characteristics and is more reliable than any one of the contributing devices. The ensemble algorithm also provides the machinery for combining data from devices with very different statistical characteristics. In addition, the ensemble algorithm reduces the impact of the failure of a single device. 
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The input data to the current ensemble algorithms are generally equally-spaced measurements of the time differences between the member clocks. The ensemble algorithm is usually not well suited to incorporating data from a primary reference device directly into the ensemble calculation, because the primary device often does not run continuously as a clock and may be available only on an irregular basis. The design of hybrid algorithms that can accept periodic time-difference data and aperiodic frequency data will be an important subject for further study, because these combinations are likely to become more common in the future. One possible configuration would be an ensemble composed of hydrogen masers to provide short-term stability and a primary reference device to provide long-term frequency accuracy. The ensemble algorithm would have to support both periodic time-difference measurements and aperiodic frequency inputs in this configuration. An alternative would be to use a more traditional ensemble composed of just the masers and to steer the frequency of the devices to the aperiodic data from the frequency standard.
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Clocks and oscillators are now embedded in a very wide range of ‘smart’ devices such as consumer appliances and process-control equipment. The time-sensitive applications in these devices do not require the accuracy and stability of atomic clocks, and simpler quartz oscillators are usually adequate. These devices often must cooperate with each other, so that it is important that the clocks share a common ensemble time. An ensemble in which all the members are peers (rather than a server-client configuration) has no single point of failure, and it is easier to protect against outside attacks. 
Unfortunately, the ensembles members are simple oscillators with relatively poor deterministic and statistical characteristics, so that models of the clocks are not very useful in predicting the evolution of the time and frequency of the devices. In addition, no device in the network may have adequate computing power to compute the ensemble average, and there may be no mechanism for steering the outputs of the individual members to this system time even if it could be computed. Traditional ensemble algorithms are not well suited to this application, and future developments in ensemble algorithms will be needed to address this type of configuration.
10.4	Networks of clocks
Determining the transmission delay is important for synchronizing the times of clocks that are not at the same location, and for transmitting timing information in general, and the fluctuations in the delay are important for exchanging frequency data between remote devices. The delay can be measured by transporting a calibrated device between the two stations, although this method is not practical for measuring its stability. The impact of the path delay between the systems that are being compared can be attenuated by the common-view method, which depends on the approximate equality of the delays between the two stations and a common transmitter. The magnitudes of these delays are not important to the extent that they are common to both paths and cancel in the difference. The time and frequency characteristics of the source are attenuated for the same reason. The two-way method estimates the one-way delay between the two systems as one-half of the measured round-trip value. The accuracy of the estimate of the one-way delay is limited by the symmetry of the transmission delays in the two directions and not by the magnitude of the delay.
The difficulties of comparing the times of the two clocks in these configurations is made more complicated when the members are not stationary – when they are operating on orbiting micro-satellites for example. The orbits are not as predictable as the orbits of satellites in higher orbits, and each satellite can be observed for only a limited time on each pass. The geometrical path delays between satellites are continuously changing, and the messages between them are affected by Doppler shifts and possibly by gravitational red shifts. In addition, the ensemble can have hundreds of members, and the membership is constantly changing. These configurations are likely to become more important in the near future, so that constructing ensembles of these clocks will be challenging. One possibility would be to construct sub-ensembles that are composed of only nearby members in similar orbits, but the standard ensemble algorithms do not have this flexibility.
In spite of the long-time interval that has elapsed since the release of the first issue of this ITU-R Handbook in 1997, the basic rules, statements and recipes have not changed. The increase in the importance of atomic clocks and high-performance network synchronization in everyday daily life, however, is astounding. The use of GNSS for navigation, location and time dissemination is widespread. Now many other global navigation satellite systems can be seen in daily use. On all systems, research and development are ongoing to improve resilience, safety and quality assurance. In telecommunications applications, the request for network synchronization for high-speed internet traffic as well as in mobile communications has led to ever tighter requirements on the deployed equipment. Last but not least, the safe and reliable distribution of electric energy generated from multiple individual installations challenges network management and synchronization, and this would not be possible without increased use of time and frequency signal dissemination and reception. 
Whether the current version of this Handbook is capable to answer all questions and education needs of incoming engineers and decision makers? This needs to be seen and is to be judged by those who read the Handbook for such purpose. One further source of tutorial material is available: if the interested reader enters “BIPM capacity building e-learning” in the browser, the link gives access to abundant material, inter-alia from time and frequency experts.
On the other hand, the authors are confident that the next generation of scientists will add additional topics, which are overlooked today, to a future Handbook release. 
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