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Abstract: With the rapid development of modern physics, atomic gyroscopes have been 
demonstrated in recent years. There are two types of atomic gyroscope. The Atomic 
Interferometer Gyroscope (AIG), which utilizes the atomic interferometer to sense rotation, 
is an ultra-high precision gyroscope; and the Atomic Spin Gyroscope (ASG), which 
utilizes atomic spin to sense rotation, features high precision, compact size and the 
possibility to make a chip-scale one. Recent developments in the atomic gyroscope field 
have created new ways to obtain high precision gyroscopes which were previously 
unavailable with mechanical or optical gyroscopes, but there are still lots of problems that 
need to be overcome to meet the requirements of inertial navigation systems. This paper 
reviews the basic principles of AIG and ASG, introduces the recent progress in this area, 
focusing on discussing their technical difficulties for inertial navigation applications, and 
suggests methods for developing high performance atomic gyroscopes in the near future. 
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1. Introduction 

Gyroscopes are one of the key sensors for Inertial Navigation Systems (INSs), and are used widely 
for underwater robots, cars, airplanes, satellites, etc. [1–3]. The Global Position System (GPS) can 
provide high accurate position information and is used everywhere in our daily life, but GPS cannot be 
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used for underwater and indoor navigation. Meanwhile, GPS signals are easily disturbed, so GPS 
based navigation systems cannot work alone in some situations such as navigation for airplanes [4,5]. 
INS is based on Newton’s law. To give a position, accelerations in three axes must be integrated twice 
while gyroscopes provide the directions to which the accelerometers are pointing. The principle of INS 
is simple, but position errors are accumulated rapidly due to the errors of the accelerometers and 
gyroscopes. With the development of modern inertial technology, high performance accelerometers are 
available. However, from the mechanical gyroscope to the optical gyroscope, the improvements of 
those gyroscopes have been very slow in the past 10 years. The best mechanical gyroscope is still in 
the 10−6°/h level, while the best optical gyroscope is in the 10−4°/h level [6]. For long time inertial 
navigation applications such as underwater robots in deep sea, the limited precision of gyroscopes has 
been the main problem to increase the performance of INS [7–9]. 

In recent years, with the rapid development of modern physics such as the progress on quantum 
mechanics, atomic manipulation and modern optics, especially the Nobel Prize for Physics in 1997, 
2001 and 2005, the atomic interferometers using these atomic manipulation technologies has reached 
ultra-high sensitivity and has been used widely [10]. The Atomic Interferometer Gyroscope (AIG), 
which has been demonstrated in recent years, is one of the most important applications of atomic 
interferometers. The AIG has ultra-high sensitivity of rotation, and is believed to be the development 
trend for the ultra-high precision strategic grade gyroscopes in future. Meanwhile, with the deeper 
understanding of the atomic spin, devices based on atomic spin have been ranked as the most sensitive 
sensors or powerful tools for wide applications in the World. For example, the atomic clock which utilizes 
atomic hyperfine structure, has become the World’s most accurate time standard [11]; the nuclear 
magnetic resonance (NMR) analyzer, which utilizes NMR phenomena of atomic spin, has become one 
of the most powerful tools in modern medicine [12]; and the Atomic Spin Gyroscope (ASG) is also an 
important sensitive atomic spin sensor for high performance inertial navigation applications, which is 
believed to be the development trend for the high precision and compact gyroscopes in future. In a 
word, with the development of modern atomic physics, AIG and ASG have been designed and 
demonstrated that they will be the next generation gyroscopes for future high precision inertial 
navigation applications [13,14]. Since AIG and ASG are based on different principles, they will be 
introduced and analyzed separately. 

2. Atomic Interferometer Gyroscope 

The atom, like the photon, has the property of wave-particle duality. Like with the Sagnac effect in 
the optical gyroscope, the atomic interferometer can work as a gyroscope. The principle of AIG to 
sense rotation is shown in Figure 1. The prepared atoms are split in the start point and merged in the 
end point to form a closed loop, and there will be a phase shift at the end point in the presence of 
rotation. The fundamental principle of AIG is much like that of the optical gyroscope, but the structure 
of AIG is different from the optical gyroscope because the “splitter”, “mirror” and “detector” are 
different. As can be seen in Figure 1, for constructing an AIG, lots of atoms must be prepared first 
such as to be concentrated in phase space and to be selected in proper atomic states, and then, the 
atoms are manipulated by the standing waves of light as the gratings which are used to “split” and 
“reflect” atoms into a coherent supposition of momentum state [10]. The atom motion under these light 
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gratings can form a closed loop. Finally, the laser is used to detect the phase shift of the combined 
atoms to tell the rotation rate. 

Figure 1. Principle of AIG. 

 

The phase shift of AIG due to rotation is: ߔߜ௧ ൌ ݄݉ߨ4 ࢹ ·  

where m is the mass of the atom, h is the plank constant, Ω is the rotation rate vector and A is the 
closed loop area vector. The phase shift of optical gyroscope due to rotation is: ߔߜ௧ ൌ ܿߣߨ4 ࢹ ·  

where λ is the wavelength of light and c is the speed of light. To compare the sensitivity between AIG 
and optical gyroscope, we have [15]: ߔߜ௧ߔߜ௧ ൌ ݄݉/ሺܿߣሻ  10ଵ 

So, AIG is more sensitive to rotation by a factor of 1010 than optical gyroscope if they have the 
same closed loop area, as the mass of the atom is much larger than the relative mass of photon (h/λc). 

The theoretical sensitivity of AIG is ultra-high, but the demonstrated AIG prototype in 2006 only 
reached 6.8 × 10−5°/h, which was far from its theoretical precision [16]. When comparing with optical 
gyroscopes, the limited performance of this AIG prototype is mainly due to the small area of the closed 
loop. The area in this AIG was only 22 mm2, which was several orders smaller than that of modern 
optical gyroscopes. This was because the atoms moved around the closed loop only once, and it was 
difficult to manipulate the atoms to move around the closed loop several times as the optical gyroscope 
does. On the other hand, the “splitter” and “mirror” were not effective, whereas only two photon recoil 
momentum were transferred to the atom motion so that the angle ߙ (shown in Figure 1) between the 
split atoms and the incident atoms was small, which limited the atoms from forming a large closed 
loop, even when the atoms moved around the closed loop once [16]. 

The limited closed loop area of the available AIG is one of the problems to realize a high 
performance AIG, and to apply AIG for inertial navigation applications has other difficulties. To build 
an inertial measurement unit for inertial navigation, three AIG must be used to sense the attitude 
change of the carrier in three orthogonal directions, so the AIG not only needs to measure the rotation 
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in the gravity direction, but also needs to measure the rotation in the horizontal direction. However, the 
AIG is based on the atomic interferometer, which can sense acceleration at the same time, especially 
the gravitational acceleration [17,18]. The most important thing is that the typically phase shift induced 
by the acceleration is 5–6 orders larger than induced by the rotation [19]. For a typical three pulse 
atomic interferometer, the total phase shift is [20,21]: ߔߜ௧ ൌ ݄݉ߨ4 ࢹ ·    · ଶܶࢍ െ  · ሺࢹ ൈ  ሻܶଷࢍ

where k is the effective light propagation vector, g is the gravitational acceleration and T is the atom 
propagation time. In the presence of gravity, the phase shift mainly includes three items, which are 
rotation rate, gravitational acceleration and the cross product of rotation rate and gravitational 
acceleration. Because of the phase shift induced by gravitational acceleration is relative larger than the 
rotation rate in the presence of tiny rotations, the items of gravitational acceleration and the cross 
product of rotation rate and gravitational acceleration are strong while the item of rotation rate is faint, 
which indicates that the signal to noise ratio (SNR) is low for the AIG. To improve the SNR of the 
AIG, traditional atomic interferometry methods such as the balanced three light pulses [22,23] and the 
four light pulses [19,24,25] can be used to cancel the item of gravitational acceleration in the total 
phase shift. However, the cross product of rotation rate and gravitational acceleration cannot be 
overcome by these methods, which means that the gravitational acceleration should be measured 
accurately enough or kept strictly constant both in magnitude and direction, otherwise the gravitational 
acceleration is the noise which will decrease the precision of AIG for long time navigation 
applications. That is why the current available AIG can measure the rotation in the gravity direction 
very accurately (the cross product of rotation rate and gravitational acceleration is zero at this 
situation) when the AIG is in a laboratory environment, but the sensitivity of the rotation in the 
horizontal direction is decreased significantly, even it is equipped with a high performance vibration 
isolation system [26]. Gravitational acceleration is only one kind of acceleration, and other 
accelerations can also have a significant influence on the AIG since the changed accelerations affect 
the sensitivity and scale factor of AIG via the cross product of rotation rate and acceleration. Thus, 
AIG for inertial navigation applications must isolate the influence of acceleration effectively.  

The volume of the AIG is a very important parameter when the AIG is considered for inertial 
navigation applications. The volume of the AIG with 6.8 × 10−5°/h [16], was above 2 m in one direction, 
in that the atomic sources used in that system were hot atoms that had high velocity. If the atomic 
sources are changed to cold atoms, the side length of the closed loop will be shorter than that of the hot 
atoms, but for the same atom propagation time, the area of the closed loop decreases with cold atoms, 
which will decrease the sensitivity of the AIG. To maintain the same sensitivity, one way is to increase 
the cold atom propagation time so as to increase the area of the closed loop, but the bandwidth of the 
AIG decreases at the same time, so, the limited bandwidth of the AIG with cold atoms is still a 
problem that must be overcome for future applications, and the balance between the sensitivity and the 
bandwidth must be considered carefully for different inertial navigation application fields [27,28]. 

AIG with guided atoms is a new atomic manipulation method developed in recent years [29–32]. 
The atoms, guided by a magnetic potential field or light potential field, can be suspended in these 
fields to isolate the influence of the gravity and other accelerations as well. Moreover, the guided atom 
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AIG is able to guide the atoms to move around the closed loop several times to increase the closed 
loop area, which will not only increase the sensitivity of the AIG but also make the whole system of 
compact size. However, when implementing the guided atom technology with atomic interferometry 
methods, the traditional internal state atomic interferometry method (where the internal state of the 
atom is changed) such as Raman pulse [10] cannot be integrated with guided atoms because the 
different atomic states are difficult to guide in the same potential field; on the other hand, traditional 
single state atomic interferometry method (where the internal state of the atom remains unchanged) 
such as Talbot-Lau pulse, can be used with guided atoms, but the sensitivity with this method is 
relative lower [10,30,31]. Thus, for the guided atom approach, the AIG technique needs a new atomic 
interferometry method. 

Numerous scientists and engineers have contributed greatly to promote AIG, and several research 
groups have demonstrated gyroscope effects with their AIG research platforms. They will be introduced 
in the following paragraphs.  

The research group at Stanford University demonstrated the World’s first AIG with a sensitivity of  
1.1 × 10−6°/s/Hz1/2 in 1997 [33], then improved the sensitivity to 3.4 × 10−8°/s/Hz1/2 in 2000 [22], and 
obtained a bias stability of 6.8 × 10−5°/h in 2006 [16]. However, these AIG used hot atoms as atomic 
sources, and the volume of the whole system was still large. In order to demonstrate a compact system 
for inertial navigation applications, they designed an AIG with cold atoms and realized a angular 
random walk (ARW) of 2.3 × 10−3°/h1/2 in 2008 while keeping the whole volume under 1 m3 [21].  
To achieve a high performance AIG, they also proposed to use optical lattices to guide and split  
the atoms [32]. Recently, by employing a novel π/2-π-π-π/2 pulse sequence, they improved the ARW 
of the AIG with cold atoms to 2.95 × 10−4°/h1/2, and a rotation rate in excess of 5.73°/s can be 
measured [34]. To further improve the sensitivity of AIG, they wanted to form a large area AIG, and 
demonstrated a sequential Bragg large momentum transfer beam splitter, which can transfer 102 
photon recoil momentum to the atom motion so that the angle ߙ can be increased significantly [35]. 

The research group at Harvard University focused on the AIG with magnetic guided atoms. In 
2007, they demonstrated the World’s first AIG with guided atoms [30]. This AIG was able to guide the 
cold atoms to move around the closed loop twice, and resolved 10 times the Earth’s rotation rate per 
interferometry cycle. In recent years, they have focused on the delta-kicked rotor to improve the 
coherence of the atoms during the interferometry cycle to increase the times of the guided atoms which 
moves around the loop [36,37], and they designed a new macroscopic magnetic guide based on 
nonsymmetrical geometries to decrease the guided potential field noise to improve the guided atomic 
interferometer performance [38].  

The research group at Laboratoire National de Métrologie et d’Essais-Système de Références 
Temps-Espace demonstrated the World’s first AIG with cold atoms in 2006 [26]. This AIG had a 
sensitivity of 8 × 10−6°/s/Hz1/2 in the gravity direction and a sensitivity of 1 × 10−4°/s/Hz1/2 in the 
horizontal direction. To investigate the various noises which establish the sensitivity limitations of the 
demonstrated AIG, they analyzed the sensitivity function in the AIG and pointed out that the Raman 
phase and residual vibrations were the main noises of the AIG, and proposed methods to decrease these 
noises [39]. In 2009, they achieved a new Raman transition with a symmetric momentum-space splitting 
of four photon recoil momentum, and increased the area of the closed loop by a factor of two [40]. Then, 
an improved atomic interferometer gravimeter was demonstrated based on this beam splitter [41].  
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To increase the interrogation time and decrease the vibration noise, they operated their atomic 
interferometer in the microgravity environment of an airplane in free fall, and achieved significant 
improvements of the atomic interferometer accelerometer [42,43] which will hopefully improve the 
AIG performance as well. In recent years, they cooperated with other scientists to propose a Space 
Atom Interferometer project funded by European Space Agency, and wanted to place the atomic 
interferometer in space to demonstrate its possibility for future space missions [44,45]. 

The research group at Leibniz Universität Hannover has focused on designing a compact and high 
resolution AIG. They have designed a compact 87Rb atomic source for AIG based on the two stage 
magneto optical trap (MOT) with a two dimensional MOT and a three dimensional MOT, and have 
realized a high atomic flux with 1010 atoms/s [46]. Based on this high performance atomic source,  
they demonstrated an AIG with a dual atom interferometer to cancel acceleration, and a sensitivity of  
1.1 × 10−2°/s/Hz1/2 within interrogation time of up to 4 ms has been achieved [47].  

In a word, although there are lots of difficulties that need to be overcome before the AIG for inertial 
navigation applications can be a reality, the future of the AIG technology is still bright due to its 
theoretical ultra-high sensitivity and the development of atomic manipulation technology. As described 
in the analysis above, the approach of “cold atom + guided atom” maybe a feasible way to develop 
AIG in the future for inertial navigation applications which can keep the AIG in a compact size, 
improve its sensitivity and isolate the accelerations. 

3. Atomic Spin Gyroscope 

For an ensemble of atoms, the atomic spin is able to keep pointing at its original direction in the 
inertial coordinate system, which is similar to the mechanical rotor in the traditional mechanical 
gyroscope, so the atomic spin can be utilized to sense rotation as well. Since the 1960s, scientists and 
engineers have developed a new gyroscope, which uses nuclear spin angular momentum (NSAM) for 
rotation measurement [48–50]. Since NMR technology was used for signal detection, the gyroscope 
was also called NMR gyroscope. Singer and Litton had separately developed the prototype of ASG 
based on NMR, whose accuracy both reached the navigation grade [51,52]. The principle of this type 
of ASG is shown in Figure 2.  

Figure 2. Principle of ASG based on NMR. 
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The NSAM is able to keep pointing in its original direction in the inertial coordinate system. Since 
NSAM has magnetic moment as well, when there is an external magnetic field, the NSAM will precess 
around the external magnetic field with Larmor precession frequency (LPF) [53,54]. A detection laser 
which fixed in the carrier coordinate system is used to detect the precession frequency of the NSAM. 
When the carrier rotates, the NSAM keeps its original LPF in the inertia coordinate system, but the 
precession frequency detected by the laser is the sum of the LPF of NSAM and the carrier rotation rate. 
As the LPF of NSAM is determined by the gyromagnetic ratio of the nucleon and the strength of the 
magnetic field, the LPF can be calculated theoretically when the gyromagnetic ratio and the magnetic 
field are known [55], so the carrier rotation rate can be obtained if the LPF is deducted from the 
frequency detected by the laser.  

Replacing the mechanical rotor with atomic spin, the ASG based on NMR does not have any 
mechanical friction and moving parts when compared to traditional mechanical gyroscopes. The ASG 
has a lot of prominent features such as high precision, compact size and high impact resistance, which 
became a hot research field in many countries at that time. However, to accurately measure the rotation 
rate, the magnetic field must be controlled precisely so that the carrier rotation rate can be effectively 
distinguished from the detected precession frequency. To generate a stable and homogeneous magnetic 
field environment, superconducting coils and superconducting shield had been used [56,57], but with 
superconducting technology, the ASG is expensive and the whole volume of the ASG is large. Another 
way to overcome the unstable magnetic field problem is by using two nucleon species [58]. Since these 
two species are in the same magnetic field and same rotation frame, with the precession frequency of 
these nucleons are detected separately, the rotation rate can be obtained even with unknown magnetic 
fields. However, in a real system, the magnetic fields experienced by these two nucleon species are 
different, such as polarization dependent frequency shifts from collision between alkali metal atoms 
and noble gas atoms [59,60]. In addition to a magnetic field, an inhomogeneous electronic field also 
affects the precession frequency of NSAM [61–63], which results in a significant drift of the ASG. 
Therefore, because of these limitations, the ASG based on NMR only achieved navigation grade 
precision at that time. When comparing with the optical gyroscopes developed at the same time, lots of 
institutes and companies gradually quit doing research on the NMR-based ASG technology.  

However, with the development of microfabrication technology, the ASG based on NMR has 
received new attentions recently [64]. The structure of this ASG is simple, allowing it to be 
manufactured with microfabrication processes. Due to its high sensitivity even with a small volume, 
the chip-scale ASG is a new research direction for navigation grade micro gyroscopes. The research 
group at National Institute of Standards and Technology designed a chip-scale ASG based on NMR 
with a diverging beam to form both the pump and probe light [65,66]. The research group at Northrop 
Grumman did a lot of great work to develop a chip-scale ASG based on NMR in recent years, from 
general structure and method design [60,67,68] to micro cell fabrication [69,70], and many novel ideas 
have been proposed. Since ASG based on NMR has been developed now for several decades, with the 
technology developed for chip-scale atomic sensor such as atomic clock [71] and atomic 
magnetometer [72,73], the chip-scale ASG based on NMR is expected to reach navigation grade 
precision in the near future, which was previously difficult to achieve with the existent MEMS 
gyroscopes. 
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In 2005, Princeton University researchers discovered a new type of ASG [74,75], which used a 
Ø25mm sphere cell to achieve a ARW of 2 × 10−3°/h1/2 and a bias stability of 4 × 10−2°/h, but the 
theoretical performance of this ASG is orders higher. This type of ASG, which utilized both electron 
spin angular moment (ESAM) of alkali metal atoms and NSAM of noble gas atoms to form a 
comagnetometer structure for rotation rate measurement, is different from the ASG based on NMR 
mentioned above. The principle of the ASG based on comagnetometer is shown in Figure 3. The 
ESAM is able to keep pointing at its original direction in the inertial coordinate system. In order to 
avoid the Larmor precession of ESAM in the external magnetic field, noble gas atoms are added in the 
same cell. Under special situations, the NSAM of noble gas atoms can strongly interact with the 
ESAM of alkali metal atoms. The NSAM and ESAM couple together, and the NSAM has two assets in 
such a comagnetometer configuration. The first one is that the NSAM is able to automatically track 
and compensate for the changes of the external magnetic field, thus isolating the external magnetic 
field sensed by the ESAM. When the carrier rotates, the ESAM will remain in its original pointing 
direction. Since the detection laser is fixed in the carrier, the angle, which is between the ESAM and 
the detection laser, reflects the rotation only. In addition, the NSAM can enhance the component of 
ESAM that rotates into the detection laser direction as the carrier rotates so it increases the ability of 
ESAM to sense rotation [13].  

Figure 3. Principle of ASG based on comagnetometer. 

 

The fundamental sensitivity of the ASG based on comagnetometer is [76]: 

ߗߜ ൌ ߛߛ ඨ 1ܸ݊ ଶܶݐ 

where γn is the nuclear gyromagnetic ratio of the noble gas atom, γe is the electron gyromagnetic ratio 
of the alkali metal atom, n is the density of alkali metal atoms, V is the active volume for detected 
alkali metal atoms, T2 is the relaxation time of the alkali metal atom and t is the measurement time. 
Since this ASG is based on the atomic magnetometer, the fundamental sensitivity of the atomic 
magnetometer is [77]: 

ܤߜ ൌ ߛ1 ඨ 1ܸ݊ ଶܶݐ 
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To calculate the fundamental sensitivity of the ASG based on comagnetometer, we know the the 
atomic magnetometer can be realized with better than 1aT/Hz1/2 sensitivity [77] with a measurement 
volume of around 150 cm3. If 21Ne is used where γn is 2.1 × 107rad/s/T, the sensitivity of the ASG 
based on comagnetometer is 1.2 × 10−9°/s/Hz1/2 (an equal ARW of 7.2 × 10−8°/h1/2), which indicates 
that this type of ASG has outstanding advantages of high sensitivity and compact size. The 
measurement volume around 150 cm3 is quite small when compared with traditional mechanical and 
optical gyroscopes, and the performance of the ASG based on comagnetometer can be further 
improved with increased measurement volume. 

The ASG based on comagnetometer does not need to precisely control the magnetic field when 
compared to the ASG based on NMR. The direction change of the ESAM is only due to the rotation, 
which is different from the ASG based on NMR. Moreover, the sense direction of the ASG based on 
comagnetometer is in the vertical direction of the plane formed by the pump and probe lasers, while 
the sense direction of the ASG based on NMR is in the applied external magnetic field.  

The demonstrated ASG based on comagnetometer used alkali metal atoms which are in the Spin-
Exchange Relaxation Free (SERF) regime [78,79] to increase the fundamental sensitivity of rotation. 
As it can be seen in the fundamental sensitivity equation of the comagnetometer-based ASG, to 
increase the sensitivity of rotation, the item of n·T2 should be increased. However, with the increased 
density of atoms, the relaxation time will normally decrease dramatically, mainly due to the increased 
spin exchange relaxation between atoms. When the atoms are in SERF regime, the atoms not only 
have the characteristics of high atomic density so as to improve SNR of the whole system, but also 
have longer relaxation time which can be increased by three orders when compared with atoms in the 
traditional optical pumping regime at the same atomic density, so the SERF enables the alkali metal atoms 
to achieve both high density and long relaxation times so as to produce a high performance ASG [80].  

To consider the ASG based on comagnetometer for inertial navigation applications, several 
problems must be overcome. Firstly, the start-up time of the gyroscope must be considered. The 
realized 3He-K ASG needed several hours to spin exchange optical pumping of 3He [81], and then the 
NSAM of 3He can be worked to form the comagnetometer, which cannot be used in some inertial 
navigation situations with quick start-up requirements. To overcome this defect, one needs to change 
the atomic spin species used in ASG, such as the NSAM of 129Xe, which is easier to be spin exchange 
optical pumped by Cs within several minutes. However, the fundamental sensitivity of 129Xe-Cs ASG 
is lower than 3He-K ASG due to its shorter relaxation time, so for future inertial navigation 
applications, it must be a balanced choice between start-up time and sensitivity. Secondly, the NSAM 
played an important role to help the ESAM not be affected by the magnetic field, but the strength of 
the compensation field generated by NSAM is limited, and the NSAM cannot automatically 
compensate the magnetic field very fast. This will be a big problem when the ASG based on 
comagnetometer is used in strapdown INS. The ways to solve this problem maybe by increasing the 
strength of the NSAM and using feedback control of the NSAM and ESAM to form a closed loop 
ASG so as to increase the measurement range and bandwidth. Thirdly, further improvement of the 
ASG must be considered to compete with the available gyroscopes. At present, to further improve the 
sensitivity of ASG, one can increase the relaxation time of the atomic spin and use noble gas atoms 
which have smaller nuclear gyromagnetic ratios. Since the alkali metal atoms are already in the SERF 
regime, to further increase relaxation time, the surface coating of the alkali metal cell at high 



Sensors 2012, 12 6340 
 

 

temperature must be solved [82,83]. On the other hand, ASG based on comagnetometer is a dual axis 
gyroscope by nature, so the dual axis ASG could be realized in the near future.  

The ASG based on comagnetometer has been developed only in the past 7 years, but the 
performance of ASG is comparable to the best AIG to-date. The research group at Princeton University 
discovered the ASG based on comagnetometer when conducting CPT violation experiments in 2005 [75]. 
Since then, they built a second generation research platform integrating several new features, which 
mainly focused on combating long term drift [84,85]. Although they used this device for CPT violation 
experiment, the device essentially cannot distinguish the rotation from CPT violation. In 2010, the 
second generation research platform achieved 0.7 nHz energy resolution for CPT violation (an equal 
resolution of 2.52 × 10−7°/s of gyroscope), which is nearly 100 times better than the 60 nHz they 
reached in 2005 [86]. They did not show the test data when this device worked as a gyroscope, but the 
performance of this ASG should be orders better than the previous one. Since the nuclear 
gyromagnetic ratio of 21Ne is an order lower than 3He, the fundamental sensitivity of the ASG should 
be improved by a factor of 10 if 3He is replaced with 21Ne. In 2011, they used 21Ne-Rb-K to form an 
ASG and reached a 0.5 nHz energy resolution [87]. Such available techniques can increase the 
performance of the ASG based on comagnetometer significantly.  

Figure 4. The ASG signal compare with fiber gyroscope. 

 

Figure 5. The Fourier spectrum of the ASG noise. 
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Our research group at Beihang University proposed a new ASG based on comagnetometer which 
used 129Xe-Cs. The relaxation time in this ASG is shorter than the ASG that used 3He or 21Ne which 
resulted in a lower fundamental sensitivity of rotation, but the 129Xe is used to decrease the start-up 
time. This ASG can be set up by spin exchange optical pumping between Cs and 129Xe for around 
several minutes, which is shorter than the several hours used in 3He-K ASG. To test the gyroscope 
effect, the ASG research platform was air floated and vibrated by hand with a small angle, and a high 
precision fiber gyroscope with 0.03°/h was used to calibrate the gyroscope signal. Figure 4 showed the 
ASG signal compared with the fiber gyroscope, and Figure 5 shows that the ASG reached a sensitivity 
of 7 × 10−5°/s/Hz1/2 (an equal ARW of 4.2 × 10−3°/h1/2) with the scale factor calibrated by the fiber 
gyroscope. The peak signal in Figure 5 is the resonant frequency of the ASG research platform. 

Like the ASG based on NMR, the chip-scale ASG based on comagnetometer was also developed. 
The research group at Honeywell designed a chip-scale ASG based on its chip-scale atomic clock 
research experience [88], the integration methods and microfabrication processes for each elements of 
this ASG were designed.  

In a word, the ASG based on comagnetometer has pointed a new way to obtain a highly sensitive 
and compact gyroscope, and with the development of microfabrication technology, the chip-scale ASG 
has also pointed a new way to obtain a navigation grade microgyroscope. Since several companies 
have been involved in the development of ASG, it seems that the ASG is ready for inertial navigation 
applications in the near future. 

4. Outlook and Conclusions 

Recent progress on atomic gyroscopes has demonstrated that AIG is an ultra-high precision 
gyroscope for strategic grade inertial navigation in the future, and ASG is a high performance 
gyroscope which features both high precision and compact size. There are still lots of problems that 
need to be overcome when considering the atomic gyroscope for inertial navigation applications, 
however with the technologies available in the near future, the AIG could be used in space for 
fundamental physics research, the ASG based on comagnetometer can be used in strategic grade 
gimbaled INS, and the navigation grade ASG based on NMR can be demonstrated on chip-scale size. 
Furthermore, with the development of new theories and technologies for atomic manipulation, the 
future of high performance inertial navigation applications using AIG and ASG is indeed bright. 

Acknowledgments 

This work is supported by the National Science Foundation of China under Grant No. 60825305 
and No. 61121003, the National Basic Research Program of China under Grant No. 2009CB724002, 
and the Defense Industrial Technology Development Program of China under Grant No. B2120110002. 

References 

1. Barbour, N.; Schmidt, G. Inertial sensor technology trends. IEEE Sens. J. 2001, 1, 332–339. 
2. Lawrence, A. Modern Inertial Technology: Navigation, Guidance, and Control; Springer Verlag: 

Berlin, Germnay, 1998. 



Sensors 2012, 12 6342 
 

 

3. Titterton, D.H.; Weston, J.L. Strapdown Inertial Navigation Technology; Peter Peregrinus Ltd.: 
London, UK, 2004. 

4. Farrell, J.; Barth, M. The Global Positioning System and Inertial Navigation; McGraw-Hill 
Professional: New York, NY, USA, 1999. 

5. Grewal, M.S.; Weill, L.R.; Andrews, A.P. Global Positioning Systems, Inertial Navigation, and 
Integration; Wiley Online Library: Hoboken, NJ, USA, 2001. 

6. Schmidt, G.T. INS/GPS Technology Trends. In NATO RTO Lecture Series, RTO-EN-SET-116, 
Low-Cost Navigation Sensors and Integration Technology; NATO: Brussels, Belgium, 2011;  
pp. 1–24. 

7. Wang, H.G.; Williams, T.C. Strategic inertial navigation systems—High-accuracy inertially 
stabilized platforms for hostile environments. IEEE Control Syst. Mag. 2008, 28, 65–85. 

8. Bezick, S.M.; Pue, A.J.; Patzelt, C.M. Inertial navigation for guided missile systems. Johns 
Hopkins APL Tech. Dig. 2010, 28, 331–342. 

9. Tazartes, D.A. Inertial navigation: From gimbaled platforms to strapdown sensors. IEEE Trans. 
Aerosp. Electron. Syst. 2011, 47, 2292–2299. 

10. Cronin, A.D.; Schmiedmayer, J.; Pritchard, D.E. Optics and interferometry with atoms and 
molecules. Rev. Mod. Phys. 2009, 81, 1051–1129. 

11. Major, F.G. The Quantum Beat: Principles and Applications of Atomic Clocks; Springer Verlag: 
Berlin, Germany, 2007. 

12. Filler, A.G. The history, development and impact of computed imaging in neurological diagnosis 
and neurosurgery: CT, MRI, and DTI. Nat. Preced. 2009, 10, 1–76. 

13. Stoner, R.; Walsworth, R. Collisions give sense of direction. Nat. Phys. 2006, 2, 17–18. 
14. Rice, H.F.; Benischek, V. Submarine Navigation Applications of Atom Interferometry. In 

Proceedings of the Position, Location and Navigation Symposium, 2008 IEEE/ION, Monterey, 
CA, USA, 5–8 May 2008. 

15. John, F.C. Ultra-high sensitivity accelerometers and gyroscopes using neutral atom matter-wave 
interferometry. Phys. B 1988, 151, 262–272. 

16. Durfee, D.S.; Shaham, Y.K.; Kasevich, M.A. Long-term stability of an area-reversible  
atom-interferometer sagnac gyroscope. Phys. Rev. Lett. 2006, 97, 240801:1–240801:4. 

17. Kasevich, M.; Chu, S. Atomic interferometry using stimulated Raman transitions. Phys. Rev. Lett. 
1991, 67, 181–184. 

18. Kasevich, M.; Chu, S. Measurement of the gravitational acceleration of an atom with a light-pulse 
atom interferometer. Appl. Phys. B 1992, 54, 321–332. 

19. Dubetsky, B.; Kasevich, M.A. Atom interferometer as a selective sensor of rotation or gravity. 
Phys. Rev. A 2006, 74, 023615:1–023615:17. 

20. Gustavson, T.L. Precision Rotation Sensing Using Atom Interferometry. Ph.D. Thesis, Stanford 
University, Stanford, CA, USA, 2000. 

21. Takase, K. Precision Rotation Rate Measurements with a Mobile Atom Interferometer. Ph.D. 
Thesis, Stanford University, Stanford, CA, USA, 2008. 

22. Gustavson, T.L.; Landragin, A.; Kasevich, M.A. Rotation sensing with a dual atom-interferometer 
Sagnac gyroscope. Class. Quantum Gravity 2000, 17, 2385–2398. 



Sensors 2012, 12 6343 
 

 

23. Gustavson, T.L.; Bouyer, P.; Kasevich, M.A. A Dual Atomic Beam Matter-wave Gyroscope.  
In Methods for Ultrasensitive Detection; Fearey, B.L., Ed.; SPIE: Bellingham, WA, USA, 1998; 
Volume 3270, pp. 62–69. 

24. Marzlin, K.-P.; Audretsch, J. State independence in atom interferometry and insensitivity to 
acceleration and rotation. Phys. Rev. A 1996, 53, 312–318. 

25. McGuirk, J.M.; Foster, G.T.; Fixler, J.B.; Snadden, M.J.; Kasevich, M.A. Sensitive absolute-gravity 
gradiometry using atom interferometry. Phys. Rev. A 2002, 65, 033608:1–033608:14. 

26. Canuel, B.; Leduc, F.; Holleville, D.; Gauguet, A.; Fils, J.; Virdis, A.; Clairon, A.; Dimarcq, N.; 
Borde, C.J.; Landragin, A.; Bouyer, P. Six-axis inertial sensor using cold-atom interferometry. 
Phys. Rev. Lett. 2006, 97, 010402:1–010402:4. 

27. Butts, D.L.; Kinast, J.M.; Timmons, B.P.; Stoner, R.E. Light pulse atom interferometry at short 
interrogation times. J. Opt. Soc. Am. B 2011, 28, 416–421. 

28. Stoner, R.; Butts, D.; Kinast, J.; Timmons, B. Analytical framework for dynamic light pulse atom 
interferometry at short interrogation times. J. Opt. Soc. Am. B 2011, 28, 2418–2429. 

29. Wang, Y.J.; Anderson, D.Z.; Bright, V.M.; Cornell, E.A.; Diot, Q.; Kishimoto, T.; Prentiss, M.; 
Saravanan, R.A.; Segal, S.R.; Wu, S.J. Atom Michelson interferometer on a chip using a  
Bose-Einstein condensate. Phys. Rev. Lett. 2005, 94, 090405:1–090405:4. 

30. Wu, S.; Su, E.; Prentiss, M. Demonstration of an area-enclosing guided-atom interferometer for 
rotation sensing. Phys. Rev. Lett. 2007, 99, 173201: 1–173201:4. 

31. Wu, S. Light Pulse Talbot-Lau Interferometry with Magnetically Guided Atoms. Ph.D. Thesis, 
Harvard University, Cambridge, MA, USA, 2008. 

32. Kovachy, T.; Hogan, J.M.; Johnson, D.M.S.; Kasevich, M.A. Optical lattices as waveguides and 
beam splitters for atom interferometry: An analytical treatment and proposal of applications.  
Phys. Rev. A 2010, 82, 013638:1–0013638:16. 

33. Gustavson, T.L.; Bouyer, P.; Kasevich, M.A. Precision rotation measurements with an atom 
interferometer gyroscope. Phys. Rev. Lett. 1997, 78, 2046–2049. 

34. Stockton, J.K.; Takase, K.; Kasevich, M.A. Absolute geodetic rotation measurement using atom 
interferometry. Phys. Rev. Lett. 2011, 107, 133001:1–133001:5. 

35. Chiow, S.-W.; Kovachy, T.; Chien, H.-C.; Kasevich, M.A. 102(h)over-bark large area atom 
interferometers. Phys. Rev. Lett. 2011, 107, 130403:1–130403:5. 

36. Tonyushkin, A.; Wu, S.; Prentiss, M. Demonstration of a multipulse interferometer for quantum 
kicked-rotor studies. Phys. Rev. A 2009, 79, 051402:1–051402:4. 

37. Wu, S.; Tonyushkin, A.; Prentiss, M.G. Observation of saturation of fidelity decay with an atom 
interferometer. Phys. Rev. Lett. 2009, 103, 034101:1–034101:4. 

38. Tonyushkin, A.; Prentiss, M. Straight macroscopic magnetic guide for cold atom interferometer. 
J. Appl. Phys. 2010, 108, 094904:1–094904:5. 

39. Cheinet, P.; Canuel, B.; Dos Santos, F.P.; Gauguet, A.; Yver-Leduc, F.; Landragin, A. Measurement 
of the sensitivity function in a time-domain atomic interferometer. IEEE Trans. Instrum. Meas. 
2008, 57, 1141–1148. 

40. Leveque, T.; Gauguet, A.; Michaud, F.; Dos Santos, F.P.; Landragin, A. Enhancing the area of a 
raman atom interferometer using a versatile double-diffraction technique. Phys. Rev. Lett. 2009, 
103, 080405:1–080405:4. 



Sensors 2012, 12 6344 
 

 

41. Malossi, N.; Bodart, Q.; Merlet, S.; Leveque, T.; Landragin, A.; Dos Santos, F.P. Double 
diffraction in an atomic gravimeter. Phys. Rev. A 2010, 81, 013617:1–013617:15. 

42. Stern, G.; Battelier, B.; Geiger, R.; Varoquaux, G.; Villing, A.; Moron, F.; Carraz, O.; Zahzam, N.; 
Bidel, Y.; Chaibi, W.; Dos Santos, F.P.; Bresson, A.; Landragin, A.; Bouyer, P. Light-pulse atom 
interferometry in microgravity. Eur. Phys. J. D 2009, 53, 353–357. 

43. Geiger, R.; Menoret, V.; Stern, G.; Zahzam, N.; Cheinet, P.; Battelier, B.; Villing, A.; Moron, F.; 
Lours, M.; Bidel, Y.; Bresson, A.; Landragin, A.; Bouyer, P. Detecting inertial effects with 
airborne matter-wave interferometry. Nat. Commun. 2011, 2, 474:471–477. 

44. Sorrentino, F.; Bongs, K.; Bouyer, P.; Cacciapuoti, L.; de Angelis, M.; Dittus, H.; Ertmer, W.; 
Giorgini, A.; Hartwig, J.; Hauth, M.; Herrmann, S.; Inguscio, M.; Kajari, E.; Koenemann, T.T.; 
Laemmerzahl, C.; Landragin, A.; Modugno, G.; Dos Santos, F.P.; Peters, A.; Prevedelli, M.; 
Rasel, E.M.; Schleich, W.P.; Schmidt, M.; Senger, A.; Sengstock, K.; Stern, G.; Tino, G.M.; 
Walser, R. A compact atom interferometer for future space missions. Microgravity Sci. Technol. 
2010, 22, 551–561. 

45. Sorrentino, F.; Bongs, K.; Bouyer, P.; Cacciapuoti, L.; de Angelis, M.; Dittus, H.; Ertmer, W.; 
Hartwig, J.; Hauth, M.; Herrmann, S.; Huang, K.; Inguscio, M.; Kajari, E.; Koenemann, T.; 
Laemmerzahl, C.; Landragin, A.; Modugno, G.; dos Santos, F.P.; Peters, A.; Prevedelli, M.; 
Rasel, E.M.; Schleich, W.P.; Schmidt, M.; Senger, A.; Sengstock, K.; Stern, G.; Tino, G.M.; 
Valenzuela, T.; Walser, R.; Windpassinger, P. The Space Atom Interferometer project: Status and 
prospects. J. Phys. 2011, 327, 012050:1–012050:13. 

46. Mueller, T.; Wendrich, T.; Gilowski, M.; Jentsch, C.; Rasel, E.M.; Ertmer, W. Versatile  
compact atomic source for high-resolution dual atom interferometry. Phys. Rev. A 2007, 76,  
063611:1–063611:19. 

47. Mueller, T.; Gilowski, M.; Zaiser, M.; Berg, P.; Schubert, C.; Wendrich, T.; Ertmer, W.;  
Rasel, E.M. A compact dual atom interferometer gyroscope based on laser-cooled rubidium.  
Eur. Phys. J. D 2009, 53, 273–281. 

48. Woodman, K.F.; Franks, P.W.; Richards, M.D. The nuclear magnetic resonance gyroscope:  
A review. J. Navig. 1987, 40, 366–384. 

49. Greenwood, I.A. Nuclear Gyroscope with Unequal Fields. U.S. Patent 4,147,974, 3 April 1979. 
50. Grover, B.C.; Kanegsberg, E.; Mark, J.G.; Meyer, R.L. Nuclear Magnetic Resonance Gyro.  

U.S. Patent 4,157,495, 5 June 1979. 
51. Karwacki, F.A. Nuclear magnetic resonance gyro development. J. Inst. Navig. 1980, 27, 72–78. 
52. Lam, L.; Phillips, E.; Kanegsberg, E.; Kamin, G. Application of CW Single-mode GaAlAs Lasers 

to Rb-Xe NMR Gyroscopes. In Proceedings of the SPIE, Arlington, VA, USA, 5–7 April 1983.  
53. Auzinsh, M.; Budker, D.; Rochester, S.; Rochester, S.M. Optically Polarized Atoms: 

Understanding Light-Atom Interactions; Oxford University Press: Oxford, UK, 2010. 
54. Happer, W.; Jau, Y.Y.; Walker, T. Optically Pumped Atoms; Wiley-VCH: Hoboken, NJ, USA, 

2010. 
55. Wehr, M.R.; Richards, J.A.; Adair, T.W. Physics of the Atom; Addison-Wesley: Boston, MA, 

USA, 1978. 
56. Potts, S.P.; Preston, J. A cryogenic nuclear magnetic resonance gyroscope. J. Navig. 1981, 34, 

19–37. 



Sensors 2012, 12 6345 
 

 

57. Shaw, G.L. Modeling a Cryogenic He3 Nuclear Gyro. Ph.D. Thesis, Stanford University, 
Stanford, CA, USA, 1981. 

58. Simpson, J.; Fraser, J.; Greenwood, I. An optically pumped nuclear magnetic resonance 
gyroscope. IEEE Trans. Aerosp. 1963, 1, 1107–1110. 

59. Newbury, N.R.; Barton, A.S.; Bogorad, P.; Cates, G.D.; Gatzke, M.; Mabuchi, H.; Saam, B. 
Polarization-dependent frequency shifts from Rb-3He collisions. Phys. Rev. A 1993, 48, 558–568. 

60. Kanegsberg, E. Nuclear Magnetic Resonance Gyroscope. U.S. Patent 7,282,910, 16 October 2007. 
61. Heimann, P.A. Quadrupole perturbation effects upon the 201Hg magnetic resonance. I. Effects 

upon free precession of the nuclear spins. Phys. Rev. A 1981, 23, 1204–1208. 
62. Heimann, P.A.; Greenwood, I.A.; Simpson, J.H. Quadrupole perturbation effects upon the 201Hg 

magnetic resonance. II. Relaxation due to an anisotropic perturbation. Phys. Rev. A 1981, 23, 
1209–1214. 

63. Appelt, S.; Wäckerle, G.; Mehring, M. Deviation from Berry’s adiabatic geometric phase in a 
131Xe nuclear gyroscope. Phys. Rev. Lett. 1994, 72, 3921–3924. 

64. Donley, E.A. Nuclear Magnetic Resonance Gyroscopes. In Proceedings of the 2010 IEEE Sensors 
Conference, Kona, HI, USA, 1–4 November 2010. 

65. Hodby, E.; Donley, E.A.; Kitching, J. Differential atomic magnetometry based on a diverging 
laser beam. Appl. Phys. Lett. 2007, 91, 011109:1–011109:3. 

66. Kitching, J.; Donley, E.A.; Hodby, E.; Shkel, A.; Eklund, E.J. Compact Atomic Magnetometer 
and Gyroscope based on a Diverging Laser Beam. U.S. Patent 7,872,473, 18 January 2011. 

67. Abbink, H.C.; Kanegsberg, E.; Patterson, R.A. NMR Gyroscope. U.S. Patent 7,239,135, 3 July 
2007. 

68. Kanegsberg, E. Polarization Analyzer Orientation with Nuclear Magnetic Resonance Gyroscope. 
U.S. Patent 7,936,169, 3 May 2011. 

69. Abbink, H.C.; Kanegsberg, E.; Marino, K.D.; Volk, C.H. Micro-cell for NMR Gyroscope. U.S. 
Patent 7,292,031, 6 November 2007. 

70. Hall, D.B. Small Optics Cell for Miniature Nuclear Magnetic Resonance Gyroscope. U.S. Patent 
7,863,894, 4 January 2011. 

71. Lutwak, R. The Chip-Scale Atomic Clock—Recent Developments. In Proceedings of the 2009 
Joint Meeting of the European Frequency and Time Forum and the Ieee International Frequency 
Control Symposium, Besancon, France, 20–24 April 2009. 

72. Schwindt, P.D.D.; Knappe, S.; Shah, V.; Hollberg, L.; Kitching, J.; Liew, L.A.; Moreland, J. 
Chip-scale atomic magnetometer. Appl. Phys. Lett. 2004, 85, 6409–6411. 

73. Romalis, M.V. Atomic sensors—Chip-scale magnetometers. Nat. Photonics 2007, 1, 613–614. 
74. Kornack, T.W.; Romalis, M.V. Dynamics of two overlapping spin ensembles interacting by spin 

exchange. Phys. Rev. Lett. 2002, 89, 253002:1–253002:4. 
75. Kornack, T.W.; Ghosh, R.K.; Romalis, M.V. Nuclear spin gyroscope based on an atomic 

comagnetometer. Phys. Rev. Lett. 2005, 95, 230801:1–230801:4. 
76. Kornack, T.W. A Test of CPT and Lorentz Symmetry Using a K-3He Co-magnetometer. Ph.D. 

Thesis, Princeton University, Princeton, NJ, USA, 2005. 
77. Seltzer, S.J. Developments in Alkali-metal Atomic Magnetometry. Ph.D. Thesis, Princeton 

University, Princeton, NJ, USA, 2008. 



Sensors 2012, 12 6346 
 

 

78. Allred, J.C.; Lyman, R.N.; Kornack, T.W.; Romalis, M.V. High-sensitivity atomic magnetometer 
unaffected by spin-exchange relaxation. Phys. Rev. Lett. 2002, 89, 130801:1–130801:4. 

79. Kominis, I.K.; Kornack, T.W.; Allred, J.C.; Romalis, M.V. A subfemtotesla multichannel atomic 
magnetometer. Nature 2003, 422, 596–599. 

80. Romalis, M.V. Chip-scale magnetometers. Nat. Photonics 2007, 1, 613–614. 
81. Walker, T.G.; Happer, W. Spin-exchange optical pumping of noble-gas nuclei. Rev. Mod. Phys. 

1997, 69, 629–642. 
82. Seltzer, S.J.; Romalis, M.V. High-temperature alkali vapor cells with antirelaxation surface 

coatings. J. Appl. Phys. 2009, 106, 114905:1–114905:8. 
83. Balabas, M.V.; Jensen, K.; Wasilewski, W.; Krauter, H.; Madsen, L.S.; Muller, J.H.; Fernholz, T.; 

Polzik, E.S. High quality anti-relaxation coating material for alkali atom vapor cells. Opt. Express 
2010, 18, 5825–5830. 

84. Brown, J.M. A New Limit on Lorentz- and CPT-Violating Neutron Spin Interactions Using a  
K-3He Comagnetometer. Ph.D. Thesis, Princeton University, Princeton, NJ, USA, 2011. 

85. Vasilakis, G. Precision Measurements of Spin Interactions with High Density Atomic Vapors. 
Ph.D. Thesis, Princeton University, Princeton, NJ, USA, 2012. 

86. Brown, J.M.; Smullin, S.J.; Kornack, T.W.; Romalis, M.V. New limit on lorentz- and  
CPT-violating neutron spin interactions. Phys. Rev. Lett. 2010, 105, 151604:1–151604:4. 

87. Smiciklas, M.; Brown, J.M.; Cheuk, L.W.; Smullin, S.J.; Romalis, M.V. New test of local lorentz 
invariance using a 21Ne-Rb-K comagnetometer. Phys. Rev. Lett. 2011, 107, 171604:1–171604:5. 

88. Lust, L.M.; Youngner, D.W. Chip Scale Atomic Gyroscope. U.S. Patent 7,359,059, 15 April 2008. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 


