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(54) MULTI-AXIS ATOMIC INERTIAL SENSOR SYSTEM

(57) An inertial sensing system comprises a first mul-
ti-axis atomic inertial sensor, a second multi-axis atomic
inertial sensor, and an optical multiplexer optically cou-
pled to the first and second multi-axis atomic inertial sen-
sors. The optical multiplexer is configured to sequentially
direct light along different axes of the first and second
multi-axis atomic inertial sensors. A plurality of mi-

cro-electrical-mechanical systems (MEMS) inertial sen-
sors is in operative communication with the first and sec-
ond multi-axis atomic inertial sensors. Output signals
from the first and second multi-axis atomic inertial sen-
sors aid in correcting errors produced by the MEMS in-
ertial sensors by sequentially updating output signals
from the MEMS inertial sensors.
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Description

[0001] This application claims the benefit of priority to
U.S. Provisional Application No. 61/670,797, filed on July
12, 2012, the disclosure of which is incorporated by ref-
erence.

BACKGROUND

[0002] Cold atom interferometers are the basis for a
newer class of inertial sensors. Analogous to the function
of a fiber optic or ring laser gyroscope, inertial forces
induce phase shifts in the quantum mechanical wave
function of atoms traversing a loop in a cold atom inter-
ferometer.
[0003] For some operating parameters, cold atom in-
ertial sensors may provide a lower update rate than de-
sirable. In such cases, micro-electrical-mechanical sys-
tems (MEMS) inertial sensors may be used as a sort of
flywheel to provide continuous output between atomic
sensor readings. In this situation, the atomic inertial sen-
sor can be used to correct bias and scale factor drift in
the MEMS inertial sensor.
[0004] In order to minimize size, weight, and power, it
is desirable to make the atomic inertial sensor as small
as possible. Unfortunately, sensitivity scales unfavorably
with reduced sensor size. A minimum atomic inertial sen-
sor volume of approximately 6 cm3 is necessary to meet
some performance metrics. However, the total volume
metric for a six degree of freedom atomic inertial meas-
urement unit (IMU) is required for some applications to
be less than 20 cm3.

SUMMARY

[0005] An inertial sensing system comprises a first mul-
ti-axis atomic inertial sensor, a second multi-axis atomic
inertial sensor, and an optical multiplexer optically cou-
pled to the first and second multi-axis atomic inertial sen-
sors. The optical multiplexer is configured to sequentially
direct light along different axes of the first and second
multi-axis atomic inertial sensors. A plurality of MEMS
inertial sensors is in operative communication with the
first and second multi-axis atomic inertial sensors. Output
signals from the first and second multi-axis atomic inertial
sensors aid in correcting errors produced by the MEMS
inertial sensors by sequentially updating output signals
from the MEMS inertial sensors.

DRAWINGS

[0006] Understanding that the drawings depict only ex-
emplary embodiments and are not therefore to be con-
sidered limiting in scope, the exemplary embodiments
will be described with additional specificity and detail
through the use of the accompanying drawings, in which:

Figure 1 is a block diagram of an inertial sensing

system that employs multi-axis atomic inertial sen-
sors according to one embodiment;
Figure 2 is a block diagram of a multi-axis atomic
inertial sensor apparatus according to one embodi-
ment;
Figure 3A is a schematic diagram showing an exem-
plary interferometer trajectory in a multi-axis atomic
inertial sensor according to one embodiment; and
Figure 3B is a table listing the possible combinations
of laser orientations, with corresponding axes of sen-
sitivity.

DETAILED DESCRIPTION

[0007] In the following detailed description, reference
is made to the accompanying drawings that form a part
hereof, and in which is shown by way of illustration spe-
cific illustrative embodiments. It is to be understood that
other embodiments may be utilized and that logical, me-
chanical, and electrical changes may be made. The fol-
lowing detailed description is, therefore, not to be taken
in a limiting sense.
[0008] Multi-axis atomic inertial sensors are provided
that can be implemented in an inertial sensing system
and method to aid in error correction of conventional in-
ertial sensors. The multi-axis atomic inertial sensors are
configured such that their sense axes can be repeatedly
changed using switching optics to sequentially correct
errors in the conventional inertial sensors.
[0009] In one embodiment, the multi-axis atomic iner-
tial sensors can be implemented with a six degree of
freedom inertial sensing system, such as an IMU, which
measures acceleration and rotation in three axes. The
outputs from the conventional inertial sensors in the IMU
are disciplined to the atomic inertial sensors such that
much of the bias and scale factor errors are removed
from the conventional inertial sensors.
[0010] Although the use of MEMS inertial sensors is
described in various embodiments as follows, other con-
ventional inertial sensors can be fused with the multi-axis
atomic inertial sensors in a similar fashion.
[0011] In one embodiment, an inertial sensing system
comprises a pair of multi-axis atomic inertial sensors, and
an optical multiplexer operatively coupled to the multi-
axis atomic inertial sensors. The optical multiplexer in-
cludes a plurality of optical switches configured to se-
quentially direct light along different axes of the first and
second multi-axis atomic inertial sensors. A plurality of
MEMS inertial sensors, such as six MEMS inertial sen-
sors (e.g., three MEMS gyroscopes and three MEMS ac-
celerometers), is in operative communication with the
multi-axis atomic inertial sensors. Output signals from
the multi-axis atomic inertial sensors aid in correcting er-
rors produced by the MEMS inertial sensors by sequen-
tially updating the output signals of the MEMS inertial
sensors.
[0012] In one example, cycle time for each atomic sen-
sor is about 20 ms. Approximately 10 ms is required to
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prepare a sample of cold atoms, and approximately an-
other 10 ms to interrogate the atoms to extract inertial
information. It should be noted that these times are pa-
rameters that can be varied depending on performance
tradeoffs, such as bandwidth versus sensitivity.
[0013] Acceleration and rotation are entangled in each
measurement, so simultaneous measurements of recip-
rocal atomic sensors are required to separate accelera-
tion from rotation. A minimum of two atomic sensor bod-
ies are therefore needed. Following each measurement,
the truth measurement of rotation and acceleration ob-
tained by the pair of atomic sensors is compared to the
output of the appropriate MEMS sensor set, and a cali-
bration correction is made. The next measurement by
the atomic sensor pair may be along the same axis, or
along a different axis depending on priorities for MEMS
sensor correction. If a different sense axis is desired,
then laser optics are switched in order to interrogate the
atoms along a different axis. In this example, multiplexing
results in a reduction of about three in atomic sensor duty
cycle, from about 20% (six atomic sensors without mul-
tiplexing) to about 6.7% (two atomic sensors with multi-
plexing). In other implementations, faster cycle times are
possible, depending on desired performance.
[0014] In another approach, the axis of laser light can
be continuously blended to create a an optical gimbal
sensor. In principle, the sense axis for the atomic sensor
can be rotated continuously to maintain an orientation
along, for instance, the principle axis of rotation, or the
net acceleration vector, or any other desired orientation.
[0015] The optical gimbal function provides the capa-
bility of continuously rotating the input axes of the gyro-
scope to maintain alignment with an arbitrary axis. Atomic
sensor sensitivity scales inversely with dynamic range,
and this tradeoff can be adjusted in real time. Adjust-
ments to the sense axis orientations can take advantage
of this capability by intelligently choosing how to split the
rotation among the gyroscope triad sense axis. This can
be used, for instance, to align one gyroscope axis of the
triad with the principal axis of rotation. This maximizes
the signal on that gyroscope, and minimizes the signal
on the gyroscopes orthogonal to the axis of rotation. Such
a strategy allows the gyroscope with the most signal to
have a high dynamic range (at the cost of lower sensi-
tivity), while maintaining a lower dynamic range (with in-
creased sensitivity) on the other axes. In another ap-
proach, the sense axes can be arranged such that the
rotation signal is "split" evenly among the sense axes,
ensuring that no single axis will require an excessive dy-
namic range (and corresponding decreased sensitivity).
[0016] Aside from the approaches based on the sen-
sitivity/dynamic range tradeoff, another technique is sim-
ply to maintain the sense axes in a locally level orienta-
tion. Prior to the advent of "strapdown" inertial sensors,
all inertial measurement units operated in this way. How-
ever, moving parts in conventional gimbaled sensor
heads are subject to wear, limiting reliability. The optical
gimbal sensor, in contrast, has no moving parts, enabling

gimbaled operation without sacrificing reliability. Naviga-
tion with gimbaled sensors offers a few performance ad-
vantages over strapdown navigation. Because the sta-
bilized sensor platforms experience only very small ro-
tations, instead of the complete vehicle body rotations
experienced by a strapdown navigator, they are less sen-
sitive to gyroscope scale factor errors. In addition, gim-
baled navigation systems may be rotated during ground
alignment procedures or in flight (independently of the
vehicle) to reduce the effect of sensor bias errors, an
option not available with strapdown systems.
[0017] The present approach achieves low size,
weight, and power by extracting six degrees of inertial
freedom from a single pair of atomic inertial sensors. This
is accomplished by using an optical multiplexer, which
drives the optical switches in selecting specific axes
along which to apply laser light when manipulating the
atoms in the atomic sensor pair. The switching function
determines the orientation of laser light within the sensor
package. Changing orientation of the laser light changes
the sense axis for the atomic sensor.
[0018] Figure 1 is a block diagram of an inertial sensing
system 100, such as for an IMU, which employs multi-
axis atomic inertial sensors according to one embodi-
ment. The sensing system 100 includes a pair of multi-
axis atomic inertial sensors, including a first atomic iner-
tial sensor 102 and a second atomic inertial sensor 104,
as well as a plurality of MEMS inertial sensors, such as
at least one MEMS gyroscope 106 and at least one
MEMS accelerometer 108.
[0019] In one implementation, since acceleration and
rotation are entangled in atomic inertial sensors 102 and
104, each sensor can act as both an accelerometer and
a gyroscope in detecting acceleration and rotation. The
two atomic inertial sensors are required in order to dis-
tinguish how much phase shift is due to acceleration and
how much is due to rotation. These sensors are operated
in reciprocal fashion leading to a sign change for rotation
but not for acceleration. This allows the atomic inertial
sensors to distinguish how much phase shift is due to
acceleration and how much is due to rotation. In an al-
ternative implementation, one of the atomic inertial sen-
sors is sensitive to both acceleration and rotation, and
the other sensor is sensitive only to acceleration.
[0020] In one embodiment, the atomic inertial sensors
and the MEMS inertial sensors operatively communicate
with each other through a closed loop feedback unit 110.
Further details of a MEMS/atomic closed feedback loop
are described in U.S. Provisional Application No.
61/665,061 (Attorney Docket No. H0034858), filed on
June 27, 2012, entitled CLOSED LOOP ATOMIC INER-
TIAL SENSOR, the disclosure of which is incorporated
by reference.
[0021] The inertial sensing system 100 also includes
an optical multiplexer 114 in operative communication
with atomic inertial sensors 102 and 104. The optical mul-
tiplexer is described in further detail hereafter with re-
spect to Figure 2.
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[0022] An output signal from atomic inertial sensor 102
is sent to an atomic inertial sensor compensation unit
118, and an output signal from atomic inertial sensor 104
is sent to an atomic inertial sensor compensation unit
120. The compensation units 118 and 120 provide sensor
corrections based on a factory calibration.
[0023] An output signal from MEMS gyroscope 106 is
sent to a MEMS gyroscope compensation unit 122, and
an output signal from MEMS accelerometer 108 is sent
to a MEMS accelerometer compensation unit 124. The
compensation units 122 and 124 provide for error cor-
rection of the MEMS inertial sensors.
[0024] A linear or non-linear fusion algorithm or filter
128, such as a particle filter, receives output signals from
the atomic inertial sensor compensation units 118, 120
and the MEMS compensation units 122, 124. The fusion
algorithm 128 outputs a feedback signal to MEMS com-
pensation units 122 and 124 to provide for error correc-
tion. By comparing the MEMS measurement and atomic
measurements at a particular time, errors in the MEMS
inertial sensor outputs can be estimated and corrected
using the fusion algorithm 128.
[0025] In addition, the output signal from MEMS gyro-
scope compensation unit 122 can be optionally sent to
a coning module 132 and a sculling module 134 for ap-
plying high speed corrections to output signals of MEMS
gyroscope 106. In this case, a corrected signal is sent
from coning module 132 to an adder 136, which also
receives the original signal from compensation unit 122
and outputs a delta theta (θ) signal. In addition, a cor-
rected signal is sent from sculling module 134 to an adder
138, which also receives the original signal from com-
pensation unit 124 and outputs a delta velocity (v) signal.
[0026] In addition, the output signal from MEMS accel-
erometer compensation unit 124 can be optionally sent
to sculling module 134 for applying high speed correc-
tions to output signals of MEMS accelerometer 108. In
this case, a corrected signal is sent from sculling module
134 to an adder 138, which also receives the original
signal from compensation unit 124 and outputs a delta
velocity (v) signal.
[0027] Figure 2 is a block diagram of a multi-axis atomic
inertial sensor apparatus 200 according to one embodi-
ment. The sensor apparatus 200 includes a plurality of
laser devices, such as a first laser device 202, which can
be a distributed Bragg reflector (DBR), and a second la-
ser device 204, which can also be a DBR. In another
embodiment, one or both of the laser devices can be a
vertical-cavity surface-emitting laser (VCSEL).
[0028] The laser devices 202 and 204 can be frequen-
cy locked to a vapor cell of an atomic sensor by saturated
absorption spectroscopy 205 or an etalon 206. The laser
devices 202 and 204 are in optical communication with
an optical multiplexer 210 through various optical com-
ponents, such as one or more lenses 207, optical isola-
tors 208, beam splitters 209, and the like.
[0029] Saturated absorption can be used to lock laser
device 202 to an atomic transition. In saturated absorp-

tion, the laser light shines through the vapor cell, and is
retroreflected back onto the same beam path. This tech-
nique selects only zero velocity atoms for interaction with
the light. Doppler broadening of the atomic transition is
therefore eliminated, resulting in a very narrow absorp-
tion line that is detected by a photodetector 211. The
narrow absorption line allows for precise and stable lock-
ing of the laser frequency.
[0030] For bichromatic transitions, it is desirable to
phase lock laser devices 202 and 204 so that they provide
a coherent electromagnetic field to the atoms in the vapor
cell. One technique for phase locking laser devices 202
and 204 is to shine both of their laser beams onto a com-
mon photodetector 213, where the beams interfere with
one another. The laser devices 202 and 204 can differ
in frequency by a few GHz. The frequency difference
modulates the laser interference at a few GHz, resulting
in a radiofrequency (RF) output signal from photodetector
213 of a few GHz. This RF signal is then compared to a
stable RF reference signal. Differences between the pho-
todetector signal and the reference signal result in an
error signal that is fed back to correct phase or frequency
of one of the laser devices, so that the relative frequency
and phase of the two laser devices is stabilized. In this
example, one laser device is the master and the other
laser device is the slave. In another example, two slave
lasers can be locked to a single master laser, which af-
fords greater flexibility in the range over which both slave
lasers can be locked.
[0031] The multiplexer 210 includes a plurality of opti-
cal components, such as a plurality of beam splitters 212
and reflectors 214, which are configured to direct a light
beam having a first frequency (f1) from laser device 202
and a light beam having a second frequency (f2) from
laser device 204 to various optical switches that are cou-
pled to a pair of atomic inertial sensors 230 and 232. In
one example, the Raman frequency (f1-f2) is about a few
GHz, corresponding to the hyperfine splitting of an alkali
atom, such as rubidium (6.8 GHz) or cesium (9.2 GHz).
In another example, the Bragg/Bloch frequency (fl-f2) is
about 10 kHz and can be ramped to induce absorption
of multiple quanta of photon momenta, to enhance sen-
sor scale factor.
[0032] In an exemplary embodiment, a first set of op-
tical switches 222-1, 222-2, and 222-3 in multiplexer 210
are configured to sequentially direct the light beams
along different orientation axes A-1, A-2, and A-3 (e.g.,
x, y, z axes) to atomic sensor 230. A second set of optical
switches 224-1, 224-2, and 224-3 are configured to se-
quentially direct laser light along different orientation ax-
es B-1, B-2, and B-3 (e.g., x, y, z axes) to atomic sensor
232.
[0033] In one embodiment, an optical fiber 240 can be
coupled to the output of each of the optical switches to
direct laser light to respective inputs of atomic sensors
230 and 232. The optical switches switch on different
axes or combinations of axes to make the atomic sensors
sensitive to acceleration or rotation along different axes.
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[0034] The atomic sensors 230 and 232 sequentially
measure motion with respect to all three coordinate axes
by selecting light beam pairs that are oriented orthogonal
(rotation) and parallel (acceleration) to those axes. In one
embodiment, atomic sensors 230 and 232 each comprise
a magneto-optical trap (MOT) 242, and sensor heads
244 that include a photodetector (PD), a mirror, and a
waveplate, which are aligned with the beams input into
the atomic sensors. During MOT operation, all switches
are on, so that laser cooling occurs along all axes. Fol-
lowing laser cooling, some of the switches are shut off in
order to perform interferometry along selected axes.
[0035] Figure 3A shows an exemplary interferometer
trajectory in a multi-axis atomic inertial sensor according
to one embodiment, which utilizes a moving Bragg lattice
for feedback. The interferometer in the atomic inertial
sensor is created by two pairs of counter-propagating
beams 310a, 310b and 320a, 320b, which intersect at-
oms in the sensor. The wave vectors (k) of the beams
determine the trajectory of the atoms, and therefore the
axes of sensitivity for acceleration (a) and rotation (Ω).
[0036] Possible combinations of laser orientations,
with corresponding axes of sensitivity are shown in the
table of Figure 3B. In general, the laser light is applied
along two wave vectors. The table in Figure 3B tabulates
the three possible pairings of wave vectors, along with
the corresponding axes of rotation and acceleration. The
first row in the table with Ω = k and a =j is equivalent to
the example shown in Figure 3A.
[0037] During an interferometry cycle, the pair of
beams divides the quantum mechanical wave function
of each of the laser cooled atoms, so that there is a 50%
probability of finding the atom either above or below the
axis of separation. Modulation of laser frequency and am-
plitude guides each half of the wave function along the
trajectory shown in Figure 3A. Upon recombination of the
wave function halves into whole atoms, the quantum me-
chanical phase of the atom has acquired a phase shift
that is proportional to rotation and acceleration. This
phase shift can be read out by subsequent imaging of
cloud position and/or internal state detection.

EXAMPLE EMBODIMENTS

[0038]

Example 1 includes an inertial sensing system com-
prising a first multi-axis atomic inertial sensor, a sec-
ond multi-axis atomic inertial sensor, and an optical
multiplexer optically coupled to the first and second
multi-axis atomic inertial sensors. The optical multi-
plexer is configured to sequentially direct light along
different axes of the first and second multi-axis atom-
ic inertial sensors. A plurality of MEMS inertial sen-
sors are in operative communication with the first
and second multi-axis atomic inertial sensors. Out-
put signals from the first and second multi-axis atom-
ic inertial sensors aid in correcting errors produced

by the MEMS inertial sensors by sequentially updat-
ing output signals from the MEMS inertial sensors.
Example 2 includes the system of Example 1, where-
in the first multi-axis atomic inertial sensor is config-
ured to detect acceleration and rotation.
Example 3 includes the system of Example 2, where-
in the second multi-axis atomic inertial sensor is con-
figured to detect acceleration and rotation.
Example 4 includes the system of Example 2, where-
in the second multi-axis atomic inertial sensor is con-
figured to detect only acceleration.
Example 5 includes the system of any of Examples
1-4, wherein the MEMS inertial sensors comprise at
least one MEMS gyroscope and at least one MEMS
accelerometer.
Example 6 includes the system of any of Examples
1-5, wherein the MEMS inertial sensors operatively
communicate with the first and second multi-axis
atomic inertial sensors through a closed loop feed-
back.
Example 7 includes the system of any of Examples
1-6, further comprising a first atomic inertial sensor
compensation unit that receives an output signal
from the first multi-axis atomic inertial sensor, where-
in the first atomic inertial sensor compensation unit
provides sensor corrections based on a factory cal-
ibration.
Example 8 includes the system of any of Examples
1-7, further comprising a second atomic inertial sen-
sor compensation unit that receives an output signal
from the second multi-axis atomic inertial sensor,
wherein the second atomic inertial sensor compen-
sation unit provides sensor corrections based on a
factory calibration.
Example 9 includes the system of any of Examples
5-8, further comprising a MEMS gyroscope compen-
sation unit that receives an output signal from the
MEMS gyroscope, wherein the MEMS gyroscope
compensation unit aids in correcting errors produced
by the MEMS gyroscope.
Example 10 includes the system of any of Examples
5-9, further comprising a MEMS accelerometer com-
pensation unit that receives an output signal from
the MEMS accelerometer, wherein the MEMS ac-
celerometer compensation unit aids in correcting er-
rors produced by the MEMS accelerometer.
Example 11 includes the system of any of Examples
7-10, further comprising a fusion filter that receives
output signals from each of the first atomic inertial
sensor compensation unit, the second atomic inertial
sensor compensation unit, the MEMS gyroscope
compensation unit, and the MEMS accelerometer
compensation unit, wherein the fusion filter outputs
a feedback signal to the MEMS gyroscope compen-
sation unit and the MEMS accelerometer compen-
sation unit to aid in error correction of the MEMS
gyroscope and the MEMS accelerometer.
Example 12 includes the system of any of Examples
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1-11, wherein the system is part of an inertial meas-
urement unit.
Example 13 includes a multi-axis atomic inertial sen-
sor apparatus comprising a first laser device that out-
puts a light beam having a first frequency, a second
laser device that outputs a light beam having a sec-
ond frequency, and an optical multiplexer in optical
communication with the first and second laser de-
vices, the optical multiplexer including a plurality of
optical switches. A first multi-axis atomic inertial sen-
sor is in optical communication with the optical mul-
tiplexer, and a second multi-axis atomic inertial sen-
sor is in optical communication with the optical mul-
tiplexer. The optical multiplexer is configured to se-
quentially direct the light beams from the first and
second laser devices along different axes of the first
and second multi-axis atomic inertial sensors.
Example 14 includes the apparatus of Example 13,
wherein the first multi-axis atomic inertial sensor is
configured to detect acceleration and rotation.
Example 15 includes the apparatus of Example 14,
wherein the second multi-axis atomic inertial sensor
is configured to detect acceleration and rotation.
Example 16 includes the apparatus of Examples 14,
wherein the second multi-axis atomic inertial sensor
is configured to detect only acceleration.
Example 17 includes the apparatus of any of Exam-
ples 13-16, wherein the optical switches comprise a
first set of three optical switches configured to se-
quentially direct the light beams along three different
orientation axes of the first multi-axis atomic inertial
sensor, and a second set of three optical switches
configured to sequentially direct the light beams
along three different orientation axes of the second
multi-axis atomic inertial sensor.
Example 18 includes the apparatus of any of Exam-
ples 13-17, further comprising a plurality of MEMS
inertial sensors in operative communication with the
first and second multi-axis atomic inertial sensors,
wherein the MEMS inertial sensors comprise at least
one MEMS gyroscope and at least one MEMS ac-
celerometer.
Example 19 includes the apparatus of Example 18,
wherein the apparatus is configured as an optical
gimbal sensor.
Example 20 includes a method for inertial sensing,
wherein the method comprises providing a first multi-
axis atomic inertial sensor and a second multi-axis
atomic inertial sensor; transmitting a pair of laser
beams through an optical multiplexer that sequen-
tially directs the laser beams along different axes of
the first and second multi-axis atomic inertial sen-
sors; and outputting signals from the first and second
multi-axis atomic inertial sensors to aid in correcting
errors produced by one or more MEMS inertial sen-
sors by sequentially updating output signals from the
MEMS inertial sensors.

[0039] Although specific embodiments have been il-
lustrated and described herein, it will be appreciated by
those of ordinary skill in the art that any arrangement,
which is calculated to achieve the same purpose, may
be substituted for the specific embodiments shown.
Therefore, it is manifestly intended that this invention be
limited only by the claims and the equivalents thereof.
Preferred Embodiments of the Present Invention are
as Numbered Below:

1. An inertial sensing system, comprising:

a first multi-axis atomic inertial sensor;

a second multi-axis atomic inertial sensor;

an optical multiplexer optically coupled to the
first and second multi-axis atomic inertial sen-
sors, the optical multiplexer configured to se-
quentially direct light along different axes of the
first and second multi-axis atomic inertial sen-
sors; and

a plurality of micro-electrical-mechanical sys-
tems (MEMS) inertial sensors in operative com-
munication with the first and second multi-axis
atomic inertial sensors;

wherein output signals from the first and second
multi-axis atomic inertial sensors aid in correct-
ing errors produced by the MEMS inertial sen-
sors by sequentially updating output signals
from the MEMS inertial sensors.

2. The system of 1, wherein the first multi-axis atomic
inertial sensor is configured to detect acceleration
and rotation.

3. The system of 2, wherein the second multi-axis
atomic inertial sensor is configured to detect accel-
eration and rotation.

4. The system of 2, wherein the second multi-axis
atomic inertial sensor is configured to detect only
acceleration.

5. The system of 1, wherein the MEMS inertial sen-
sors comprise at least one MEMS gyroscope and at
least one MEMS accelerometer.

6. The system of 1, wherein the MEMS inertial sen-
sors operatively communicate with the first and sec-
ond multi-axis atomic inertial sensors through a
closed loop feedback.

7. The system of 5, further comprising:

a first atomic inertial sensor compensation unit
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that receives an output signal from the first multi-
axis atomic inertial sensor, wherein the first
atomic inertial sensor compensation unit pro-
vides sensor corrections based on a factory cal-
ibration;
a second atomic inertial sensor compensation
unit that receives an output signal from the sec-
ond multi-axis atomic inertial sensor, wherein
the second atomic inertial sensor compensation
unit provides sensor corrections based on a fac-
tory calibration;
a MEMS gyroscope compensation unit that re-
ceives an output signal from the MEMS gyro-
scope, wherein the MEMS gyroscope compen-
sation unit aids in correcting errors produced by
the MEMS gyroscope; and
a MEMS accelerometer compensation unit that
receives an output signal from the MEMS accel-
erometer, wherein the MEMS accelerometer
compensation unit aids in correcting errors pro-
duced by the MEMS accelerometer.

8. The system of 7, further comprising a fusion filter
that receives output signals from each of the first
atomic inertial sensor compensation unit, the second
atomic inertial sensor compensation unit, the MEMS
gyroscope compensation unit, and the MEMS accel-
erometer compensation unit, wherein the fusion filter
outputs a feedback signal to the MEMS gyroscope
compensation unit and the MEMS accelerometer
compensation unit to aid in error correction of the
MEMS gyroscope and the MEMS accelerometer.

9. The system of 1, wherein the optical multiplexer
is in optical communication with a first laser device
that outputs a light beam having a first frequency,
and a second laser device that outputs a light beam
having a second frequency.

10. The system of 9, wherein the system is config-
ured as an optical gimbal sensing system.

Claims

1. A multi-axis atomic inertial sensor apparatus, com-
prising:

a first laser device that outputs a light beam hav-
ing a first frequency;
a second laser device that outputs a light beam
having a second frequency;
an optical multiplexer in optical communication
with the first and second laser devices, the op-
tical multiplexer including a plurality of optical
switches;
a first multi-axis atomic inertial sensor in optical
communication with the optical multiplexer;

a second multi-axis atomic inertial sensor in op-
tical communication with the optical multiplexer;
wherein the optical multiplexer is configured to
sequentially direct the light beams from the first
and second laser devices along different axes
of the first and second multi-axis atomic inertial
sensors.

2. The apparatus of claim 1, wherein the first multi-axis
atomic inertial sensor is configured to detect accel-
eration and rotation.

3. The apparatus of claim 2, wherein the second multi-
axis atomic inertial sensor is configured to detect ac-
celeration and rotation.

4. The apparatus of claim 2, wherein the second multi-
axis atomic inertial sensor is configured to detect on-
ly acceleration.

5. The apparatus of claim 1, wherein the optical switch-
es comprise:

a first set of three optical switches configured to
sequentially direct the light beams along three
different orientation axes of the first multi-axis
atomic inertial sensor; and
a second set of three optical switches configured
to sequentially direct the light beams along three
different orientation axes of the second multi-
axis atomic inertial sensor.

6. The apparatus of claim 1, further comprising a plu-
rality of micro-electrical-mechanical systems
(MEMS) inertial sensors in operative communication
with the first and second multi-axis atomic inertial
sensors, wherein the MEMS inertial sensors com-
prise at least one MEMS gyroscope and at least one
MEMS accelerometer.

7. The apparatus of claim 6, wherein the apparatus is
configured as an optical gimbal sensor.
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