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Abstract

We present an overview on the current state of Global Navigation Satellite Systems (GNSS)-grade or better space atomic frequency
standards’ (SAFS) technologies and discuss their applications. We estimate that a total of more than 1000 such standards were sent to
space so far, the vast majority consisting of rubidium-cell frequency standards, Cs atomic beam frequency standards, and passive hydro-
gen masers. Finally, we review a variety of ongoing developments in view of future new generations of GNSS-grade SAFSs.
� 2020 COSPAR. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Since the first demonstration of an atomic frequency
standard (AFS) (Essen and Parry, 1955) and the following
redefinition of the SI second in 1967, AFSs have found a
multitude of applications (Maleki and Prestage, 2005),
both on ground as well as in space.

Primary frequency standards directly interrogate the
unperturbed Cesium (Cs) 133 ground state hyperfine tran-
sition whose frequency of 9.192631770 GHz corresponds to
the definition of the second in the SI system and should
have undergone an accuracy evaluation (Riehle, 2003).
Laser-cooled Cs fountain primary frequency standards -
as operated in national metrology institutes - represent a
tiny proportion of the total number of AFSs (Wynands
and Weyers, 2005). They are the successors of the early pri-
mary Cs hot beam frequency standards (Bauch, 2003).
Note that a small number of certain non-Cs frequency
standards realizing the secondary representation of the sec-
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ond (Riehle et al., 2018) are considered being traceable to
the primary Cs AFS, such as rubidium (Rb) fountains
(Gill, 2005; Peil et al., 2017). These AFS are mainly
employed in metrology and timekeeping applications on
ground by national metrology institutes and in fundamen-
tal or industrial metrology applications.

Other AFSs either interrogate a different frequency ref-
erence or a Cs reference without full accuracy evaluation of
its frequency bias. Examples are AFSs based on other
alkali atoms microwave transitions, trapped-ion micro-
wave transitions (Gill et al., 2003), optical clocks
(Ludlow et al., 2015), Cs vapor-cell and commercial Cs
hot beams (Microsemi, 2020). For many space and ground
(Akiyama et al., 2019) applications, such AFSs with good
long-term frequency stability are sufficient and accuracy
of the frequency output is generally not required.

Most industrial and space-oriented developments
focused on the ‘‘classical three” (Vanier and Tomescu,
2015) atomic frequency standards: the thermal Cs beam,
the hydrogen (H) maser (H-maser) (passive or active) and
the Rb atomic frequency standard (RAFS). It is therefore
no surprise that so far almost all space AFS (SAFS) ever
sent into orbit or deep space are of one of these kinds.
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SAFSs’ and ground AFSs’ qualifications differ. First,
the former generally need to be smaller, lighter and con-
sume less energy than the latter. Second, aside from being
compatible with the absence of (or controlled) atmosphere,
SAFSs must be launch-resilient, radiation hard with
respect to ionizing radiation in space and reliable for the
whole mission’s duration. In addition, Global Navigation
Satellite Systems (GNSS) grade SAFSs are generally
required to achieve high stability performance on the level
of 10�14 over one day (Droz et al., 2009).

To our knowledge, the most recent review on GNSS-
grade SAFS was presented 14 years ago by (Mallette
et al., 2006). Updated reviews on the development status
of different GNSS were published in 2010 and 2012 by
the same authors (Mallette et al., 2012, 2010), however
without detailed data on the number of GNSS-grade SAFS
flown. In (Mallette et al., 2006) it was estimated that at
least 452 GNSS-grade SAFS had been sent to orbit or deep
space compared to 300 in 1996 (Bhaskar et al., 1996).

In this publication, we aim to give an updated overview
on the numbers and types of GNSS-grade or better SAFS
sent to space so far or under on-going development. Sec-
tion 2 will give an overview of the currently existing estab-
lished SAFSs technologies. In Section 3 we describe the
main applications of SAFSs with an emphasis on GNSS.
Section 4 will estimate the number of GNSS-grade or bet-
ter SAFSs sent into orbit and deep space so far. Section 5
will review some recent or on-going developments relevant
for next generations of SAFSs.
2. Current SAFS technologies

2.1. The RAFS

The RAFS was the first frequency standard to be tested
in a suborbital flight in 1961 (Bhaskar et al., 1996). It is also
the first SAFS placed in orbit in the NTS-1 satellite in the
early days of the Global Positioning System (GPS) in 1974
(McCaskill and Buisson, 1975). RAFS is also the first and
only SAFS having been sent into deep space for the
Cassini-Huygens mission in 1977. The two RAFS units
sent were necessary to achieve sufficiently stable communi-
cation between the receiver and transmitter during the
Doppler wind experiment descent time (Bird et al., 1997).

The RAFS (Camparo, 2007) physics package consist of
87Rb-filled glass cell placed in a microwave cavity tuned
near the 6.834 GHz Rb ground-state hyperfine transition
frequency. The F = 2 ground state level is populated by
a discharge lamp’s radiation after passing through a 85Rb
filtering cell. A control loop tunes the microwave frequency
such that the light transmission signal through the Rb cell
detected by a photodiode is minimized. This configuration
is known as the separated filter technique (SFT) (Mei et al.,
2016), as opposed to the integrated filter technique (IFT)
(Rochat et al., 1994). In both cases, the atoms are interro-
gated in a continuous-wave double-resonance scheme
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(CW-DR) where the optical and microwave radiations
are applied simultaneously to the atoms.

Still today, a primary interest in RAFS comes from its
low volume, low cost and low power consumption com-
pared to the Cs beam and H-maser standards. Its simple
design is also particularly suited for miniaturization
(Vanier and Tomescu, 2015). Furthermore, atoms in RAFS
do not consume themselves rapidly, unlike Cs and H atoms
in Cs beams and H-masers, which in principle is advanta-
geous for the instrument lifetime.

The performance limitations of RAFS are to be sepa-
rated between short (1 s to 104 s) and long-term stabilities.
The short-term stability is generally limited by the quality
factor (Ql) of the atomic resonance signal and its signal-
to-noise ratio (SNR). The long-term stability limits arise
from frequency biases that can vary in time in response
to external or operational parameters acting on the AFS.
An early example is the satellite’s temperature oscillations
(McCaskill and Buisson, 1975). One of today’s ‘‘most
problematic” shifts is the light shift making the atomic ref-
erence frequency vary in response to variations in the fre-
quency or intensity of the pump light source (Formichella
et al., 2017).

Today’s space RAFSs’ basic design and operation mode
remain largely unaltered. Furthermore, recent and future
developments for the Chinese GNSS (BeiDou) (Mei
et al., 2016) and the Indian Regional Navigation Satellite
System (IRNSS) (Bandi et al., 2019) still feature this
mature technology.

2.2. The cesium beam frequency standard

Soon after the redefinition of the second in 1967, four Cs
beam atomic standards flew on commercial airplane flights
around the earth in the so-called ‘‘Hafele-Keating experi-
ment” to demonstrate the theory of relativity effects on
clocks flying around the world in opposite directions
(Hafele and Keating, 1972). A few years later, the first
two Cs beam frequency standards were sent into orbit in
1977 in the NTS-2 satellite (Bhaskar et al., 1996). Since
then, dozens of them have been regularly sent to space in
the Russian Global Navigation Satellite System (GLO-
NASS) and GPS satellites (Mallette et al., 2006).

In the physics package of a Cs beam AFS, a thermal
beam of 133Cs atoms is generated by an oven. Magnetic
state deflectors select the atoms in the |F = 4, mF = 0 > at
omic ground state. The beam passes in a so-called Ramsey
cavity whose two arms will excite the atoms twice with the
microwave transition, according to Ramsey’s method of
separated oscillating fields (Ramsey, 1990). A second mag-
netic state selector called the analyzer selects the |F = 3,
mF = 0 > states and atoms are detected using a hot wire.
The microwave frequency is tuned such that the signal,
called Ramsey fringes, is maximized (Vanier and
Tomescu, 2015). This interrogation scheme is called a
Ramsey scheme and was proposed by (Arditi and Carver,
1964) following (Ramsey, 1956) to improve the transition’s
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quality factor and hence reduce the short-term instabilities’
level.

Interest in Cs frequency standards come from the wide
availability of Cs on earth as well as its low melting point
(Vanier and Audoin, 2005). Compared to their cell-type
counterparts (RAFS or H-maser), they show small long-
term frequency drifts and can thus reach excellent long-
term stability (Microsemi, 2020). These advantages come
however at the price of a relatively complex vacuum cham-
ber to be maintained for the atomic beam.

The short-term stability is limited by the detection shot
noise. For the Cs frequency standards featuring magnetic
selectors the mainly time-varying frequency biases affecting
the long-term stability are ‘‘the magnetic field and its
homogeneity, the second-order Doppler effect, and the cav-
ity phase shifts” (Vanier and Tomescu, 2015).

2.3. The hydrogen maser

The first (Bhaskar et al., 1996) H-maser (active) was sent
into space in 1976 for less than 2 h in the framework of the
‘‘Gravity Probe A experiment” (Vessot et al., 1980). In
1996, the H-maser technology was seen as ‘‘uniquely suited
for testing the fundamental physics laws” (Bhaskar et al.,
1996). The European GNSS (GALILEO) GIOVE-B tech-
nology validation satellite including the first orbiting H-
maser (passive) changed this perspective (Waller et al.,
2009). Since then, as it is presented in Section 3.1 and figure
Fig. 2, many GALILEO and BeiDou satellites including
passive H-masers were sent into orbit. Vremya-CH is
building a passive space-grade H-maser that is very likely
to be seen in GLONASS in the future (Belyaev et al.,
2019). Vremya-CH also built the first continuously orbiting
active H-masers sent within the Radioastron satellite
launched in 2011 (Belyaev et al., 2019; Utkin et al., 2012).

The active H-maser is different from that of the two
other classic AFS types in the sense that no microwave
probing power is needed to interrogate the
1420.405 MHz ground state hyperfine microwave fre-
quency. Molecular hydrogen from a reservoir is dissociated
to hydrogen atoms and formed to an atomic beam. By
means of a magnetic state selector only higher energy
atoms with F = 1, mF = 0,1 are streamed into a bulb placed
inside a microwave cavity with sufficiently high quality fac-
tor so that self-sustained oscillations due to stimulated
emission occur. This detected signal is used to stabilize
the frequency of a crystal oscillator (Vanier and
Tomescu, 2015). Constraints such as high quality factor
or cavity mode homogeneity makes this particular device
more difficult to build than the passive H-maser. In that
case, the H atoms are used as an amplifier of a microwave
input frequency.

In its active form, the H-maser is one of the most stable
SAFS. However, due to constraints regarding the cavity
quality factor resulting in a voluminous, heavy and high
power device, its usage has been restricted to ground and
fundamental space applications. The passive form is how-
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ever more prone to miniaturization with a compromise
on the frequency’s stability (Vanier and Tomescu, 2015).

2.4. 199Hg+ trapped-ion for DSAC

The Jet Propulsion Laboratory (JPL) mercury trapped-
ion (199Hg+) (Burt et al., 2016; Tjoelker et al., 2016) is one
of the few non-classical frequency standards sent into
space. Mercury is not only a new atom in space but also
is not an alkali atom. The AFS was launched in June
2019 (Georgescu, 2019). There are currently no publica-
tions on the operation or performance of this SAFS.

In a mercury trapped-ion AFS, a 202Hg+ discharge lamp
is used to prepare and interrogate the ion cloud placed in a
first part of an ion trap, which traditionally consist of
either combined static electric and magnetic fields (Penning
trap) or combined dc and rf electric fields (Paul trap)
(Dehmelt, 1990). In order to avoid light shift, the
40.5 GHz hyperfine frequency microwave interaction takes
place in a light free area. Thanks to the combination of dif-
ferent electrodes, the ions are shuttled between the two
respective regions. These operations consist of up to 50%
cycle time resulting to an equivalent cycle dead time
(Tjoelker et al., 2016; Vanier and Tomescu, 2015).

Short-term stability is also governed by SNR and tran-
sition line quality factor (Tjoelker et al., 2016). The electro-
magnetic trap technology is less sensitive to external
perturbation sources such as wall collisions, magnetic sen-
sitivity and temperature sensitivity resulting in better long-
term stability (Seubert et al., 2013).

3. SAFS applications

Applications of high-performance SAFS can be roughly
divided into two main categories: In first place, Global
Navigation Satellite Systems (GNSS) regroup by far the
highest number of SAFS sent into space. As the second cat-
egory, other and often science-motivated space missions
account for a far lesser number of SAFS, but show a richer
variety of SAFS in use. In the following, we discuss these
two main application categories.

3.1. GNSS

GNSS applications were one of the primary motivations
to develop space-borne frequency standards (Bhaskar
et al., 1996). First, SAFSs need less frequent time and fre-
quency ground corrections than quartz. Second, according
to (Bhaskar et al., 1997) and (Bloch et al., 2002), SAFSs are
insensitive to space radiations compared to quartz.

As we will see in Section 4, the vast majority of SAFSs
were sent into orbit within the GNSS framework. The rea-
sons for this high number of SAFS are multiple: In the first
place, each GNSS system requires an elevated number of
satellites to operate. For example, the GALILEO system
requires 27 working plus three backup satellites (Droz
et al., 2009), with similar requirements for other systems.
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In addition, for redundancy several SAFSs are typically
flown on each satellite. For example, the BeiDou-2 and
BeiDou-3 satellites contain four SAFSs each (Wu et al.,
2018). Furthermore, there is an increasing number of differ-
ent GNSS systems operating or under development, reflect-
ing the wish of several local powers on different continents
to use their own systems. Finally, the limited lifetime of
each GNSS satellite requires their continuous replacement.
Note that in the early days of GNSS, satellites’ lifetime
were as short as one year (Mallette et al., 2006) whereas
GALILEO’s current requirements are 12 years lifetime
per satellite (Droz et al., 2009).

Past and current lines of development on SAFS on one
hand concern the constant search for SAFSs with reduced
cost, volume, mass, and power consumption, in order to
achieve more cost-effective GNSS satellites and launches.
On the other hand, new applications and improvements
in positioning accuracy being directly linked to the GNSS
satellites’ navigation message stability, i.e. a compromise
between the SAFSs mid-term stability and the recalibration
frequency from the ground segment, are calling for
improved clock performances.

In order to illustrate the evolution of the GNSS-grade
SAFSs stability from the beginning of GNSS to today, a
set of flown SAFSs’ Allan deviations are presented Fig. 1.

GNSS also accidentally contributed to fundamental
physics within the Galileo gravitational Redshift test with
Eccentric sATellites (GREAT) experiment. Here, two satel-
lites that initially had been sent into non-nominal elliptical
orbits due to launch problems, finally were exploited to
improve the experimental validation of gravitational red-
shift of Gravity Probe A’s (Vessot et al., 1980) by a factor
5.6 (Delva et al., 2019).

The following subsections describe the state of the differ-
ent GNSSs as of today. For a complete history starting
Fig. 1. Allan deviations of different current space clocks. NTS-2 Cs#2
(McCaskill et al., 1978), GALILEO RAFS and PHM specifications and
data (Droz et al., 2006; Micalizio et al., 2012), Radioastron (Utkin et al.,
2012), BeiDou-3 RAFS and PHM (Guo et al., 2020).
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from the beginning of the GNSS era to 2012, the reader
is referred to (Mallette et al., 2006) and (Mallette et al.,
2012). A detailed description of the different GNSS systems
can be found in (Teunissen and Montenbruck, 2017).

3.1.1. BeiDou

As of July 2020, 55 BeiDou-2 and BeiDou-3 block satel-
lites were launched, completing the BeiDou constellation
(BeiDou Navigation Satellite System, 2020). The satellites
contain four RAFS for BeiDou-2 or 2 RAFS plus 2
H-masers for BeiDou-3 (Wu et al., 2018; Xu et al., 2019).
The H-masers have been built in China (Wu et al., 2018).
The RAFS were built by SpectraTime and in China
(Huang et al., 2019; Xu et al., 2019).

3.1.2. GALILEO

Apart from the GIOVE-A and GIOVE-B satellites, 26
regular GALILEO satellites were launched so far
(European GNSS Agency, 2020). Each of them contains
two RAFSs and two passive H-masers.

3.1.3. GLONASS

Between 10 December 2003 and 16 March 2020, we
counted 50 reported GLONASS-M satellites (including 6
failed launches) carrying 3 Cs beam clocks each (Betz,
2015). This generation of satellites is not under production
anymore and the last GLONASS-M satellite is expected to
be launched in 2020. Two GLONASS-K1 satellites – the
successor of GLONASS-M – were launched in 2011 and
2014 and contain two Cs beams and two RAFSs each
(Betz, 2015; ISS-Reshetnev, 2020).

3.1.4. GPS

A total of 12 IIF satellites were launched, each contain-
ing one Cs beam clock and two RAFS (Los Angeles Air
Force Base, 2012a). The first three block III satellites con-
taining three RAFSs each (Los Angeles Air Force Base,
2012b) were sent into orbit in 2018, 2019 and 2020.

3.1.5. IRNSS

The IRNSS space segment consists of 9 (including one
unsuccessful launch) satellites launched between 2013 and
2018 (Department of Space Indian Space Research
Organisation, n.d.). The IRNSS-1A satellite contains three
RAFS fabricated by SpectraTime (Thoelert et al., 2014).

3.1.6. QZSS
The Japanese local navigation system quasi-zenith satel-

lite system (QZSS) space segment consists of four satellites
launched between 2010 and 2017 (Quasi-Zenith Satellite
System, 2020). The QZS-1 satellite has two RAFS on
board (Nakamura et al., 2011).

3.2. Other applications

Other applications of SAFSs (Maleki and Prestage,
2005) concern fields such as fundamental physics, astrome-



Fig. 2. Estimated number of GNSS-grade or better SAFSs sent in space as
of 26 March 2020. The last database entry is the GPS-III third satellite
launched 30 June 2020 (SMC Public Affairs, 2020).
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try, time-keeping, deep-space navigation and telecommuni-
cations. Although the number of SAFSs used in such appli-
cations is not comparable to that of the ones used for
GNSS, they can feature more advanced and more stable,
yet also heavier, bigger, and more expensive types of
clocks.

In the preceding sections, we already mentioned past
missions that featured key SAFSs such as the Gravity
probe A experiment and the Cassini-Huygens mission. In
the following, we discuss a selection of present and future
space missions benefiting from AFSs.

3.2.1. Radioastron

The Russian Radioastron radio telescope program
began in the 1990s. Its early development included the
development of the active hydrogen maser and RAFS man-
ufacture in the Observatoire of Neuchâtel, based on previ-
ous RAFS development under ESA programme. Due to
lack of budget, the program stopped and only two RAFS
were finally built (Couplet et al., 1995; Droz et al., 2009;
Rochat et al., 1994). Both technologies were transferred
to SpectraTime who is now manufacturing space-grade
RAFS, passive H-maser and the active H-maser included
in the Atomic Clock Ensemble in Space (ACES) mission
(Droz et al., 2009).

Within the Radioastron program, the Spektr-R satellite
carrying a 10-m radio telescope was sent into orbit in 2011
flying the two RAFS and the first two active H-masers ever
sent into orbit built by Vremya-CH (Kardashev et al.,
2013). The mission was officially abandoned in May 2019
due to loss of contact in January 2019 (Astro Space
Center, 2019).

3.2.2. GAIA

The European Space Agency (ESA) astrometric satellite
is placed in one of the Sun-Earth-Moon Lagrange points.
The purpose of the mission is to measure kinematic,
dynamic and chemical properties of the Milky Way for a
nominal five-year lifetime. It contains one RAFS whose
stability of ‘‘a few ns for 6 h” (Prusti et al., 2016) is used
to accurately attribute time tags to the images. The mission
duration was extended in 2018 (European Space Agency,
2018).

3.2.3. ACES

The future ACES ESA mission will, among others, mea-
sure the physical constants’ time dependency (Laurent
et al., 2007). The payload contains two clocks: a laser-
cooled Cs beam clock named PHARAO that was devel-
oped by SYRTE, LKB, and the French space agency
CNES, and a space active H-maser (SHM) developed by
SpectraTime (Droz et al., 2009).

PHARAO will make use of the low-gravity condition
once installed on the international space station (ISS).
The clock will also allow performing improved time trans-
fer and clock comparison on intercontinental scale (Heß
et al., 2011).
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3.2.4. AEHF

The advance extremely high frequency (AEHF) system
is the military strategic and tactical relay satellite (MIL-
STAR)’s follow-on mission serving for secure military
telecommunication. Since the publication of the previous
review by Mallette et al. (Mallette et al., 2006), the 6 satel-
lites were sent into orbit and the constellation was com-
pleted 26 March 2020 (Lockheed Martin, 2020).

The satellites contain three Frequency Electronics Inc.
(FEI) space RAFSs (FEI, 2013) fulfilling the stability
requirements of such secure telecommunication applica-
tions (Bhaskar et al., 1997).

3.2.5. Deep space applications

The presence of a SAFS on board a spacecraft allows
quicker, more accurate and more efficient positioning by
means of the one-way technique instead of the two-way
technique (Ely and Seubert, 2015). The National Aeronau-
tics and Space Administration (NASA) JPL project Deep
Space Atomic Clock (DSAC) mission aims to determine
what frequency standard would fit this mission best (Ely
and Seubert, 2015). An apparently good and already far-
developed clock candidate for such DSAC applications is
the JPL mercury trapped-ion currently in test, see
Section 2.4.

4. Estimated number of SAFSs launched so far

Estimation of the accumulated GNSS-grade or better
AFSs sent in space can be found in Fig. 2. We drew the sep-
aration between GNSS-grade SAFSs and others for two
reasons. First, the comprehensible lack of data regarding
non GNSS-grade SAFSs flown by private companies com-
pared to publicly available pieces of information regarding
GNSSs. Second, the continuum of AFSs technologies
below the GNSS-grade threshold. Indeed, the use of a par-



ig. 3. Allan deviations of GNSS-grade SAFSs ongoing developments, all
easured on ground. The GALILEO PHM specification is repeated as
eans of comparison with Fig. 1. PHARAO specifications (Sharing Earth
bservation Resources, 2020), ACES/PHARAO and ACES/SHM
Laurent et al., 2015), JPL 199Hg ion (Tjoelker et al., 2016), LEONARDO
b POP (detailed in Section 5), drift removed (Arpesi et al., 2019).
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ticular SAFS strongly depends on the application’s specific
requirements. One end of the AFS spectrum are the ground
Cs fountains clocks where the principal issue is intrinsic
accuracy at the price of huge volume, weight and power
consumption (Sullivan et al., 2001). One other end of the
spectrum are chip-scale space atomic clocks detailed in
Section 5.

We estimate that at least 1034 SAFSs have been sent
into orbit or deep space, the main contributor by numbers
being GNSS applications. We did not count sub-orbital
flights like the Gravity Probe A experiment but took into
account failed and wrong orbit launches because they
reflect interest in particular technologies.

It has been difficult to find pieces of information regard-
ing some systems and we had to make reasonable assump-
tions. For instance, the MILSTAR satellites are said to
have three or four RAFS (Mallette et al., 2006). In that
particular case, we accounted three RAFS per satellite to
make sure not to overestimate the real number of SAFSs
sent into space.

For all years up to 1996 and 2006 we estimated at least
325 and 448 SAFSs accumulated in space compared to the
300 and 452 estimated by (Bhaskar et al., 1996) and
(Mallette et al., 2006), respectively. The most sent type of
SAFS (a bit less than 50%) is the RAFS followed by Cs-
beam clocks, H-maser (passive and active) and finally
trapped ion clock (only one reported). As of today, we esti-
mate that the number of GNSS-grade SAFSs has more
than doubled over the last 13 years. This is partially due
to the rebuilding of the GLONASS constellation and the
presence of two new GNSS systems, GALILEO and Bei-
Dou. The former constellation is still being completed with
new satellites whereas the latter has been completed end of
June 2020 (BeiDou Navigation Satellite System, 2020).

From Fig. 2, we note a tendency to replace the Cs beam
standards by passive H-masers. Therefore, the proportion
of each SAFS technology has significantly changed since
the 2010s.

5. Ongoing developments

In this section, we review the ongoing developments that
show promising candidates for space applications such as
GNSS or telecommunication. The stability performances
of potential future GNSS-grade SAFSs are shown in Fig. 3.

5.1. CW-DR laser-pumped rubidium vapor cell clocks

The CW-DR laser-pumped Rb clock is very similar to
the RAFS’ design (Camparo, 2007). In particular, the
vapor cell and the microwave cavity do not change. The
discharge lamp and the filter cell are however replaced by
a laser whose frequency is stabilized on one of the Rb tran-
sitions (Affolderbach et al., 2006; Vanier and Mandache,
2007). The operation mode of the clock is however the
same as the lamp RAFS. The laser’s narrower optical spec-
trum implies higher optical pumping efficiency and higher
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signal to noise ratio compared to the lamp RAFS resulting
in an improved clock frequency stability by one order of
magnitude compared to the current GNSS RAFS (Bandi
et al., 2011; Gharavipour et al., 2016; Vanier and
Tomescu, 2015).

The clock frequency instability is governed by the same
phenomena as in the lamp RAFS (Vanier and Tomescu,
2015). In the long-term, it is also sensitive to external and
operational parameters’ oscillations in time (Bandi et al.,
2014). Both lamp and laser-pumped vapor cell clocks exhi-
bit frequency aging and hence stability degradation in the
104 s region and longer time scales, the origins of which
are still not well understood but are likely to be caused
by the light shift (Camparo, 2007, 2005; Formichella
et al., 2017).
5.2. POP rubidium vapor-cell clocks

The physics package of the Pulsed Optically Pumped
(POP) Rb clock is similar to the CW-DR laser-pumped
Rb clock. Nevertheless, in the POP clock the optical and
microwave interactions are separated in time (Dong
et al., 2016; Kang et al., 2015; Micalizio et al., 2012). The
pulsed interrogation scheme consists in applying the Ram-
sey’s separated fields method to an atomic vapor confined
in a glass cell. Following an intense optical pumping pulse,
two microwave pulses separated in time are applied to the
vapor cell. Finally, the clock signal is detected either via the
transmission of a weak detection light or the atomic decay
microwave signal is captured by the microwave cavity. The
main technical difference of the POP clock compared to the
CW-DR clocks is the necessity of optical and microwave
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switches to realize the pulsed light for pumping (and detec-
tion) and microwave interrogation (Micalizio et al., 2010).

Both short- and long-term stabilities benefit from the
use of laser and POP scheme. In the first case, Ramsey
fringes result in an improved quality factor of the reso-
nance signal compared to the CW-DR signal and better
SNR. On long-term timescales, the absence of light during
the two microwave pulses significantly reduces the instabil-
ity contribution due to the AC Stark shift effect (also
known as the light shift effect). A recent budget of long-
term instabilities in such clocks however showed that resid-
ual light-induced effects still remain one of the main con-
tributors to long term clock instability (Almat et al., 2018).

The closest industrial realization of a Rb POP clock for
space applications is the LEONARDO and INRIM clock
currently under development (Arpesi et al., 2019;
Micalizio et al., 2019).

5.3. CPT clocks

The Coherent Population Trapping (CPT) phenomenon
application is not limited to the field of AFS only (Vanier
and Tomescu, 2015). In CPT clocks, the atoms are confined
in a glass cell and only a bichromatic laser light is used to
prepare and interrogate the atoms. The choice of atom,
physics package and interrogation scheme is particularly
wide and range from the continuous so-called K interroga-
tion scheme of the Cs and 87Rb atoms to the more exotic
CPT 87Rb maser and the Cs CPT-POP clock (Abdel
Hafiz et al., 2018). All these implementations and associ-
ated models are described in the review by Vanier
(Vanier, 2005).

The main advantage of the clocks based on the CPT
approach is the absence of a microwave cavity, which
makes this technique suitable for miniaturization down to
chip-scale size for low power consuming clocks (Kitching,
2018; Knappe, 2007; Vanier, 2005). The interrogation is
realized using two laser lights whose frequency difference
coincides with the atomic transition frequency. The
required multi-frequency light field can be produced by
direct frequency modulation of the laser emission. There-
fore, the CPT clocks require relatively more complicated
optical system than the laser-pumped DR clocks described
in Section 5.1.

Many miniature and Chip Scale Atomic Clock (CSAC)
industrial developments such as Microsemi CPT Cs (Cash
et al., 2018) and Rb (Deng et al., 2008) CSACs, AccuBeat
NAC1 Rb CPT clock (Stern et al., 2016) and Symmetricom
Cs MAC (Lutwak et al., 2004) target applications where
small volume, low mass and low power consumption are
needed and a moderate stability performance is sufficient.
Typical one day time- and Allan deviations are � 100 ls
and 10�11, respectively (Kitching, 2018). The cell’s size
reduction implies greater relaxation rate due to the envi-
ronment and therefore degraded stability compared to
the more high-performing clocks discussed above
(Kitching, 2018). Although these clocks are not suitable
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as GNSS standards, Space CSACs were already launched
in low orbit satellites (Cash et al., 2018).

5.4. Optically-pumped Cs beam clocks

The optically-pumped Cs beam clocks employ essen-
tially the same interrogation principle as their magnetic
ancestors (Audoin and Vanier, 1989). However, in place
of using magnets for atomic state selection they employ
laser light to optically pump the atoms before entering
the Ramsey cavity and to optically detect the clock signal
at the end of it. The short-term stability (Vanier and
Tomescu, 2015) is better than that of the magnetically-
selected Cs beam clocks, and they are now becoming avail-
able as commercial products. The simplest design consists
of using the emission of one laser source divided in two
parts for state preparation by optical pumping and
detection.

Development of space-grade optically-pumped Cs beam
clocks have been reported for GPS (Lutwak et al., 2001),
GALILEO (Lecomte et al., 2007) as well as for industrial
applications (Schmeissner et al., 2016).

5.5. Cold atom clocks

In Cs fountain clocks, the primary frequency standards
used for international timekeeping, the laser-cooled atoms
travel vertically on a fountain-like trajectory. Thanks to the
low speed of the laser-cooled atoms, very long Ramsey
times and thus narrow Ramsey signal fringes and ultimate
clock stability at the level of 10�13 s �1/2 or better are
obtained. The first and only demonstration as of today of
such SAFS in orbit is the Chinese Rb cold atom clock
(CAC) (Liu et al., 2018) whose space presence is a first step
towards laser-based SAFS. We already mentioned the
upcoming laser-cooled Cs beam clock PHARAO in
Section 3.2.3.

In view of realizing much more compact cold-atom
clocks for both ground and space GNSS segments, laser-
cooled atomic samples based on vapor-cell technology
are envisaged. An example for this was the HORACE cold
Cs clock aiming for both ground-based and in microgravity
applications, in which the atoms were cooled and interro-
gated inside a vapor-cell-like glass container (Esnault
et al., 2011). The technology was transferred to the
Muquans company and a first compact cold atom clock
named Rubiclock was developed based on Rb atoms. Even
though the design is similar, the change from Cs to Rb was
motivated by the potentially lower collision shifts (Pelle
et al., 2018) and the easier realization of the required laser
systems based on high-reliability telecom components. This
technology is now a commercially available product aiming
for ground applications (MuQuans, 2019). Another com-
mercially available cold Rb clock is cRb-clock developed
by SpectraDynamics (Ascarrunz et al., 2018). We further
note the alternative approach of creating the optical
molasses by means of a grating magneto-optical trap
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(gMOT) shows promising results in view of its application
in atomic clocks and reducing the clock’s size (Elvin et al.,
2019).
5.6. Other types of potential SAFS and optical lattice clocks

We have reviewed in the previous sections the most
promising advances reported towards high-performance
SAFS. There are many other developments ongoing on
advanced technology for ground AFS or other that may
also be of interest for space applications in the future
whose detailed discussion is beyond the scope of this work,
such as nuclear frequency standards (NFS) (Thirolf et al.,
2019).

In particular, several approaches to trapped-ion clock
candidates, such as Ytterbium (Mulholland et al., 2019),
are under development, using different atomic species
(Burt et al., 2010; Delehaye and Lacroûte, 2018; Vanier
and Tomescu, 2015). Nevertheless, we should lastly men-
tion the most stable and most accurate (Vanier and
Tomescu, 2015) ground clocks so far are the optical lattice
clocks (Ludlow et al., 2015). ESA foresees sending such a
clock to space before ‘‘the end of the decade” (Schiller
et al., 2017).
6. Conclusion

Today’s GNSS constellations rely on well-established
classical technologies such as the lamp-pumped Rb
vapor-cell clocks, the passive H-maser and the Cs
thermal-beam AFSs. The new GNSS constellations such
as GALILEO and BeiDou have sent a dozen of passive
H-masers in orbit, making this type of clock not only ded-
icated to scientific missions anymore.

Three milestones are to be noted. First, we have esti-
mated that by mid-2020, more than 1000 SAFS have been
sent in space so far. Second, the presence in orbit of the
JPL mercury trapped ion clock that, as a new type of
SAFS, brings the number of flying clock technologies to
a total of four. Third, the in-orbit demonstration of the
Chinese laser-pumped cold atom clock.

Furthermore, efforts to improve the metrological prop-
erties of the three classical SAFS technologies are still
ongoing. New technologies making use of lasers are about
to leave the Earth into space for scientific missions. As his-
tory has shown, it is probably only a matter of time before
they are also widely used in GNSS applications and others.
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