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Abstract

In recent years, absolute gravity comparison experiments between cold atomic gravimeter and traditional gravimeter have
been carried out by combining cold atomic gravimeter with stable platform. Due to the working characteristics of the stable
platform, the tilt angle of the cold atomic gravimeter will change slightly in the process of dynamic measurement, and the
measurement noise will be introduced. In order to improve the accuracy of dynamic measurement, this paper first analyzes
the trajectory of the mirror and atom in the atomic gravimeter combined with carrier motion information, obtains the phase
expression of the atomic interferometer using the translation and rotation matrix, evaluates the main terms of the gravity
deviation using the 20-min navigation data on the ship in the South China Sea, and simplifies the higher-order small-terms
in the main terms to deduce the simplified form of the gravity deviation. Then, the Fourier transform is used to transform the
simplified expression into the power spectrum expression of phase noise, the corresponding noise sensitivity function is used
in the form of trigonometric. The 20-min data is divided into 10 intervals, the root-mean-square (RMS) value of the overall
gravity deviation is 1.5-3 mGal using the power spectrum of the platform angle, angular velocity and carrier acceleration in
each interval. The variation fluctuation of the RMS value is consistent with the fluctuation of solving the gravity deviation
through the trajectory. The conclusion provides the calculation method of gravity noise caused by dynamic tilt change and
horizontal acceleration, and also provides the basis for platform design.

1 Introduction

The cold atomic gravimeter (CAG) has the characteristics of
high precision, high sensitivity and durable stability [1]. In
recent years, with the rapid development of laser controlled
atom technology [2, 3], people have moved the CAG out
of the laboratory and carried out dynamic absolute gravity
measurement comparison experiments on ship [4-6] and air-
borne [7, 8]. For example, Bidel conducted airborne tests on
the French coast [8], comparing the CAG with the classical
LaCoste &Romberg gravimeter and the new iMAR strap-
down inertial measurement unit, the experimental results
showed that the CAG was superior in measurement accuracy
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and long-term stability. During dynamic measurement, the
CAG is fixed on a stable platform [9], which is used to iso-
late the angular motion of the carrier. Researchers have used
various methods to improve the accuracy of absolute gravity
measurements. A novel method of the modulated Coriolis
effect is proposed when the cold atom gravimeter was tested
on the lake, since the cold atoms have horizontal velocity
when they fall freely, and the phase difference caused by the
Coriolis force needs to be compensated [5]. The data fusion
of the atomic gravimeter and accelerometer is realized by
the Kalman filter algorithm which observing the outputs of
the atomic gravimeter and accelerometer, it can restrain the
influence of dynamic vibration noise and obtain high preci-
sion gravity information in real time [6]. The method of the
gravity estimation from the flying data is using the lowpass
filtering which filtering the data of kinematic acceleration
and the Eotvos effect, and correcting of the alignment errors
of the platform, when the cold atom gravimeter is taken
gravity measurements on airplanes [7]. These experimental
results show that CAG can provide more accurate absolute
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gravity acceleration information for modern navigation, geo-
physics, resource exploration and other fields [10].

The high-precision CAG itself has multiple noise sources
[11], the influences of Raman light intensity [12], two-pho-
ton light shift [14] and wavefront aberrations [14] have been
analyzed. However, similar to the relative gravimeter, the
CAG is also very sensitive to tilt in dynamic measurement
process. For the strapdown inertial relative gravimeter, the
product of the attitude matrix and the specific force vector is
taken as an interference term of the gravity measurement and
corrected, and for the relative gravimeter based on a stable
platform, the cross-coupling error and platform tilt correc-
tion need to be corrected simultaneously [15]. Furthermore,
for the cold atom gravimeters, researchers have studied less
about the gravity measurement errors caused by attitude, the
relevant conclusion is that the gravity deviation is propor-
tional to the square value of the tilt angle under static con-
ditions [16]. When the CAG are carried out under dynamic
conditions, due to the influence of the external environment,
the horizontal attitude of the stable platform is always in the
adjustment process [17], so the tilt angle of the gravimeter
is changed, there is additional relative motion between the
mirror and the atom in the measurement process, coupled
with the horizontal velocity and acceleration of the carrier.
Therefore, the dynamic tilt change is regarded as a measure-
ment noise that also causes gravity deviation. In order to
improve the accuracy of gravity measurement, it is necessary
to evaluate the effect of changing angle.

2 The dynamic measuring device
and the noise from angle and angular
velocity

2.1 Dynamic absolute gravity measuring device

The dynamic absolute gravity measuring device is a combina-
tion of the CAG and the stable platform, the schematic diagram
of the dynamic measurement system is shown in Fig. 1. The
CAG is fixed directly above the stable platform frame, the mir-
ror is fixed on the upper surface of the accelerometer, and the
accelerometer and strapdown inertial navigation system (INS)
is fixed directly below the platform frame, the INS is under the
accelerometer, where the distance between the mirror surface
and the rotation center is /,.

The CAG is based on Mach-Zehnder interferometer
[11], and the theoretical basis is two-photon Raman transi-
tion. The Raman light &, and k, reflected by the mirror form
a pair of opposite Raman light beams. The interference pro-
cess is summarized as follows: the 87 Rb cold atomic group is
released from 3D-MOT center, and the atomic wave packet
undergo the beam splitting, deflecting and merging by pass-
ing 7 /2 — = — = /2 three beams of the opposite Raman light.
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Fig.2 Schematic diagram of three-pulse atomic interference path

Finally, the normalized atomic population P is obtained by
detecting the fluorescence signal of the atoms. The expression
P is as follows,

P =Py + Ccos(AD) (1)

where P and C are respectively the DC bias and amplitude
of the atomic interference fringe, and A® the interference
phase-shift difference of the atomic wave packet. The atomic
wave packet goes through two interference paths, A and B,
before merging the beam, and the atoms in the two paths feel
different laser phase-shifts[18], as shown in Fig. 2.

The phase-shift difference A® between the two paths is
shown as follows,

AD =0, — Dy = B(z)) — D(Z) — D(E) + D(z3)

2
=k-g—a)T* +AD @
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where z,, 7}, 25, z is the coordinate value of atom in light
field, k is the effective wave vector of Raman light, g is the
local acceleration of gravity, « is the chirp rate of Raman
light frequency, T is the pulse interval, A® ;, is the vibration
phase. It contains the information of the local absolute grav-
ity value, and also contains the noise of phase-shift change
of the light field from the vibration of mirror. Therefore,
vibration compensation algorithm must be added to obtain
accurate absolute gravity value from measurement data. In
the dynamic measurement process, the mirror and atomic
wave packets are moving on the earth’s surface, and there is
a relative motion between the mirror and the atoms, which
increases the difficulty of analysis.

2.2 The noise of angle and angular velocity
from stabilized platform

The platform is composed of a horizontal two-axis frame,
namely a pitch axis and a roll axis. However, the measuring
device is always affected by the external interference torque,
and according to the control characteristics of the control
system, the frame plane is always in the adjustment state,
and the roll angle and pitch angle change within the allowed
small range. For example, the attitude accuracy of the plat-
form is 0.1 mrad in dynamic absolute gravity test conducted
on ship [4] and airborne [7], the authors give the formula
for calculating the gravity deviation caused by the tilt which
estimated by combining the accelerometer data with GNSS
data, and give the maximum value of the tilt deviation. Che
Hao carried out absolute gravity measurement experiments
on Qiandao Lake in Hangzhou [19], and the range of roll
angle is 0.176 mrad, and the range of pitch angle is 0.035
mrad. Zhu Dong conducted an offshore absolute gravity test
in the South China Sea [20], the paper pointed out that the
real-time random rotation of the platform would also intro-
duce measurement noise. The attitude data of the 20-min
voyage for analysis is selected as shown in Fig. 3.

The values of attitude angle and angular velocity are
derived from the data of INS in the stabilized platform.
High precision F120HC fiber optic gyro is selected as the
attitude sensor to obtain accurate tilt values, the accuracy
of the horizontal attitude provided by INS is 4.85 x1073
rad, the accuracy of the heading angle is 8.7 x10~* rad. The
geographic horizontal angle of the inertial stabilized plat-
form is calculated from the information of fiber optic gyro-
scope, accelerometer and satellite positioning. The size of
the heading angle will affect the accuracy of the geographic
horizontal plane solution, and thus affect the precision of the
horizontal attitude control.

As can be seen from the figure, the attitude has changed
slowly with the change of heading angle which defined as the
angle of north to east, also quickly complete the adjustment
response in order to suppress the interference torque during

navigation in the South China Sea. The change amplitude
of roll angle and pitch angle is 0.06 mrad and 0.05 mrad.
Through the analysis of angular velocity power spectrum in
Fig. 3d, it can be seen that the main frequency of the angular
velocity change is around 10 Hz, the peak value at 10 Hz is
-80 (rad/s)*/Hz, the result is 0.1 mrad/s.

The cold atom gravimeter is an absolute gravity measuring
device based on the principle of mass-wave interference of cold
atoms. The cold atoms feel the phase of Raman light in the pro-
cess of falling, and its phase depends on the relative motion track
of cold atoms in the light field. The Raman lasers are Gaussian
beams, the change of heading angle does not affect the relative
motion of cold atoms in the light field, but the horizontal atti-
tude angle affects the coordinate axis of the Raman light field,
so the relative motion track of cold atoms changes, and the
phase also changes. The magnitude of the heading angle needs
to be considered when compensating the Coriolis force effect,
because the projection of horizontal velocity in the east-west
direction will produce Coriolis force effect, and the projection in
the north—south direction will not produce Coriolis force effect.

3 The formula of phase-shift difference
under dynamic measurement

This section assumes that the absolute gravity value is g,
the value of gravity deviation g, can be calculated by inte-
grating the data of navigation and platform into the phase
calculation, the expression g, is as follows,

_ AD(x,y,2)
8bias = T — 8std (3)

then the main factors affecting gravity deviation can be
evaluated, and the calculation formula of gravity noise can
be obtained to simplify the evaluation method. Since the
position of the atom in the Raman light field determines the
phase of the atom, it is necessary to determine the phase-
shift equation of the light field first.

3.1 The phase-shift equation of Raman light field

As can be seen from Fig. 1, the light field consists of a pair
of Gaussian beams facing each other [21, 22]. Although the
beam waist is not on the reflector, in order to facilitate the
analysis of the phase size of the atom in the Raman light, we
assume the limit case, that is, the beam waist of the Raman
light is on the reflector, and evaluate the magnitude of the
phase contribution of each item in the Gaussian formula.
The phase equation of Gaussian beams in literature [23] is
adopted, and the center of the reflecting mirror is selected
as the origin, the phase-shift expression of the two Gaussian
beams is shown in Formula 4 and 5, and the total phase shift
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Fig.3 The attitude data of platform in 20-min sailing

expression of light field is shown in Formula 6 after linear
addition. It can be seen that the relative motion of the atom
wave packet in the light field produces a phase difference,
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AD(x,y,2) = d)kl + (Dk2

@ z ©)
=kz+ k—2R(Z) 2arctan ( . > .

where x, y, z is the three-dimensional coordinate value of
the light field space, k = k| — k, is the effective wave vector
of Raman light, R(z) = z(1 + (zz/2)?) is the curvature radius
of a Gaussian beam, z; = na)g /A is the Rayleigh distance,
@, s the waist of a Gaussian beam. In the experiment, we
changed the Rayleigh distance by adjusting the lens group in
the collimator, which was generally much larger than 50 m.
In order to evaluate the phase deviation value generated by
the curvature radius in the formula, we assumed that the
Rayleigh distance was 50 m, that is, the second and third
terms in the formula were increased. The phase expression
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of light field Formula 6 contains three terms, namely, the
linear phase of light field, the curvature phase of light field
and the Gouy phase of light field.

3.2 Analysis of motion trajectories of atoms
and light fields

3.2.1 Coordinate system selection

From the above formulas, it can be seen that the phase-shift
difference is related to the coordinates of the atoms in light
field, we use the geocentric inertial coordinate system x’ 'z,
the navigation coordinate system x"y"z" and the carrier coor-
dinate system xy’z? to analyze the trajectory of the two, as
shown in Fig. 4.

As can be seen from the figure, the released atoms are
subjected to the gravitational force F; of the Earth, the cen-
tripetal force F_, of the rotation around the center of the
Earth, and the recoil F,, of the light which is related to the
angle of the platform, the acceleration g is the component of
the gravitational force. The 7" is coincident with g, the axis
of Raman optical is coincident with z” of the carrier. The
function of stable platform is to isolate the angular motion
of the carrier, so that z” should overlaps 7", in this way, the
axis of Raman optical can be kept coincident with the gravi-
tational vertical line. That is, the frame plane follows the
horizontal plane of the local navigation system in Fig. 1.

Both the atom and the mirror are moving in the inertial
coordinate system in Fig. 4, and the coordinate position of
the atom in the light field determines the phase obtained by
the atom. In order to solve the motion trajectory of the two,
it is better to analysis in the stationary reference system, so
we choose the geocentric inertial coordinate system (ECI)
x'yiz!, which does not rotate with the Earth. In the previous
section, the center point of the reflecting mirror was taken
as the origin point of the light field, and the mirror was fixed

on the platform, so the carrier coordinate system x”y?z” was

i

X

Fig.4 The diagram of coordinate system and atomic force

chosen as the coordinate system of the light field, so that the
light field would move and swing along with the platform,
as shown in Fig. 5, and the counterclockwise rotation was
positive.

In Fig. 5, 0 and « is the attitude angle, the moment of
atomic interference is #,, t, + T and f, + 27, the position
vector S,,(¢) of the atom and the position vector S,,;(¢) of the
mirror moving with the platform are in the static reference
frame, this can get the position vector Sy(1) = S, (1) — S,,,(t)
of the atom in light field. The coordinate system of light
field is rotated in a small angle with the platform, we can
obtain the coordinate value of the position vector S(7) in the
light field using the rotation matrix R(¢), and then bring the
coordinate value into the Formula 6, the total phase-shift dif-
ference Ag(x, y, z) of the atom can be calculated, finally the
gravity deviation value can be obtained. In the next section,
the expression of the position vector is solved separately.

3.2.2 The motion equation of atom and mirror

In the dynamic measurement process, the atom has the same
velocity as the carrier before release, the velocity is v(1).
After release, the atom and the carrier are affected by differ-
ent accelerations. The acceleration of the atom is a,,(?), the
acceleration of the mirror which is the same as that of the
carrier is a,,(). The following is the analysis of the motion
trajectory, the calculation and derivation process is divided
into 4 steps:

Step 1: Analyze trajectory of the atom. In the ECI coordinate
system, the atoms are imprisoned in the 3D-MOT center before
falling, the initial position vecter of the atomic released is S;,;,
the vector is composed of three parts, r,, r,, 3, and the three vec-
tors are connected in turn. The starting point of r, is in the center
of the Earth, and the end point of r; is in the center of the cold
atom, where the size of r, is the radius of the Earth, the size of r,
is the height from the platform to the horizontal plane, and the

t,+T/2T

Fig.5 The diagram of the vector relationship between an atom and a
mirror
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size of r5 is the distance from the 3D-MOT to the mirror. When
the atoms are in free fall, they are subjected to the gravitational
force and the recoil of the light field, and it is difficult to analyze
in the ECI coordinate system, we can calculate the trajectory of
the motion by projecting the resultant force of the atoms into the
navigation coordinate system.

On the one hand, atoms have angular velocity following the
rotation of the Earth, so the force balance formula of atoms
in a rotating reference system with constant angular velocity
is as follows,

GA@ =M w;, X(W;, XS;,; + V(1))
mi
. ™
+ ma(wie XS +vo(1))
where G is the gravitational constant, M is the mass of the
Earth, m is the mass of the atom, w,, is the angular speed
of the Earth’s rotation, S,,; is the position vector of the cold
atom, X is the cross product symbol. The expression is as
follows after removing parentheses and merging items of
the same kind,

Mm 2 -
G- + mw;,S;,;cos¢ —2mw,, Xv(t) = ma,(t) (8)
ini
where G2 4 m@? S, ,cosp = 28 is the i
7 SiniCOSQ = mg, mw:,S,;,cosg is the iner-

tial centri?ugal force, ¢ is the latitude, the gravity is the
resultant force of gravitational force and centripetal force,
2ma;;e Xy, is the Coriolis force. The dynamic equation of
the atom is as follows,

mg —2m a;;, Xy (1) = ma, () 9

the resultant force of atom is affected by the velocity v () of
carrier in the navigation coordinate system. Assumption that
the initial time #, is 0, the trajectories of atoms is

t 1 t
S0 =S8+ / vo(H)dt + / / a,(Hdrdt (10)
0 0 0

On the other hand, the Raman light has a recoil on the atom,
and the displacement is related to the current tilt angle which
is the angle between the carrier coordinate system and the
navigation coordinate system, so the corresponding displace-
ment vector S,,..;,(t) is as follows,

—0(¢)
Srecoil(t) ~ kh_T (X(t) (] ])

1= (007 +a())/2
since the roll angle and pitch angle are generally small,

the value of sin or cos can be simplified to the angle value
sind(t) = 0(1), cosO(t) = 1 — 6(£)* /2.

@ Springer

Then the displacement vector expression for path A and
path B is as follows:

SZ‘I(O) = Sin[

SAT) = S + S (T) + S peoi(T) (12)
So(T) = Sjy; + S.,(T) ‘

SEI(ZT) = Sini + S;t(zT) + Srecoil(T)

Step 2: Analyze trajectory of the mirror. It can be seen from
the structure of Fig. 1, the mirror and the classical acceler-
ometer are fixed together, the specific force value which is
the output of the accelerometer acts as the resultant force of
the mirrors. Because of the tilt angle, the acceleration vec-
tor of the mirror is projected into the navigation coordinate
system, the expression a,,(?) is as follows,

a, ()
a,(t) = a;ny(t)
a0
a, (01 = L) — a* (Da(o)
= a, (01 = 22) + a’ (1)6(1)
@, (1 - & — 20 g (Da(r) +a, (06(1)
(13)

where a* , a* , a* is the specific force output value of the
mx my mz
accelerometer, @’ , a’ , a’ is the projection vector of the
mx’ “my’ “mz
specific force value in the navigation coordinate system. The

displacement vector of the mirror is calculated as follows,

Sm(o) = Sini - SO
Su(D) = Syi = So + [y [ @, (Ddrdr . (14)

SuCT) = Sy = So+ [ 7! a,,(ddrdr

Step 3: Analyze rotation matrix. Since the center of the mir-
ror is not the center of rotation, the distance between the
mirror and the rotation center is /,, firstly the coordinate
origin is moved to the rotation center, and then the rotation
matrix in the carrier coordinate system is obtained by using
the attitude angle, finally the rotating coordinate origin is
moved back to the reflecting mirror, the final rotation matrix
is R(t) = D(y)T ()T (8,)D(—1y)

02 02 02
1-= a,H;Z ol —-=) o (1= =)l
rRo=| O T me o |
—a 0,01 %) (1= D1 = %) §y(1 - (1 - Dy - L)
0 0 0 1
s)

Step 4: The expression of total phase-shift. After calculating
the position vector and rotation matrix, we can calculate the
coordinate value of the atom at each moment in the light
field, the expression is as follows,
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A _ A —
(z]l ) _ R(O)< O 1 Sm<0)> (zlg ) _ Rm( Si(D 1 smm)
B B _ B -
( zlz ) :R(T)( SB(T) 1 5,(T) ) <z13 ) :R(2T)< S 2T) 1 S,,2T) )

(16)

finally, combined with Formula 2, the total phase shift dif-
ference is calculated.

At present, researchers will use the data of vertical accel-
eration to compensate vibration phase compensation both
static and dynamic, so vertical acceleration a: =0 is not
considered here. The Coriolis force effect is caused by the
speed of the ship over a long period of time [5], so this bias
is also eliminated in the final data processing. Therefore,
in the process of solving the single atomic interference, the
attitude angle data of the platform and the horizontal accel-
eration data of the platform are only selected.

4 Data analysis and simulation
4.1 Shipboard data results

In order to evaluate the influence of each item in Formula 6
to the gravity deviation, this paper uses 20-min data of the
ship-borne from Sect. 2 into the above Formula 10, 11, 12,
13, 14, 15, 16, where the tilt value of the platform is selected
from Fig. 4. The sampling frequency of the accelerometer
is 2kHz, which leads to a large amount of vibration data, so
the 20-min data of vibration is divided into 10 intervals for
convenient to analyze, as the duration of 120 s is enough to
calculate the spectrum density down to 0.01 Hz range. The
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(a) Power spectrum amplitude in the X-axis
direction.

power spectrum curves of each interval are drawn together
for comparison in Fig. 6.

It can be seen from Fig. 6 that the vibration amplitude in
the Y-axis direction is slightly larger than that in the X-axis
direction. There is a peak value 0.1 m/s? in the X-axis and
0.3 m/s? in the Y-axis both at 0.2Hz, which is caused by
waves hitting the hull. When the frequency is less than
0.2Hz, both X-axis and Y-axis have DC components, indicat-
ing that the ship is moving horizontally. Around the frequen-
cies of 10 Hz and 80 Hz, a large number of high-frequency
vibrations appear, and these vibrations become the main
source of external interference.

The calculation results of each item in Formula 6 are
shown in Fig. 7, where Fig. 7a is the gravity deviation value
generated by the linear phase of the light field, and Fig. 7b
is the gravity deviation value generated by the radius of cur-
vature. As can be seen from the figure, the gravity deviation
mainly comes from the linear phase of the light field as the
peak-to-peak is less than 8 mGal, the peak-to-peak value of
deviation caused by the curvature is less than 0.007 mGal,
moreover the deviation caused by the Gouy phase is less
than 2x10~> mGal, which is not plotted, is ignored in sub-
sequent calculations.

The horizontal acceleration of the carrier causes the cold
atom to deviate from the central axis of the Raman laser.
As can be seen from the spatial geometric relationship, the
gravity deviation value generated by the curvature radius
is symmetric with the central axis and decreases along the
radius. The gravity deviation generated by the curvature
radius increases with the distance from the central axis, so
the curve in Fig. 7b is always negative. It can be seen from
Fig. 7a that the fluctuation of gravity deviation value is con-
sistent with the fluctuation of tilt in Fig. 3a and b.
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(b) Power spectrum amplitude in the Y-axis
direction.

Fig.6 Power spectrum analysis of 10 groups of carrier horizontal vibration
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Fig.7 The calculated result of gravity deviation

4.2 Simplification of linear phase

The conclusion in the above section is that the main source of
gravity deviation is the linear phase of the light field, but the
calculation process is too complicated and is not conducive to
engineering application, so the expression needs to be simpli-
fied. First, the third row of the rotation matrix is acted as the
rotation vector r(f) which is as follow,

T
-

0,(1 - 02,2/2)
(1-6%/2)(1 —a?/2)
ly = ly(1 = 62/2)(1 — a?/2)

rt) = a7

the linear phase of the light field in Formula 6 can be obtain
by multiplying the rotation vector with the position vector,
thus the analysis process is simplified. Second, the accelera-
tion of the carrier and the attitude change of the platform are
time-varying, it is difficult to analyze, so assuming that the z
pulse time is zero moment, the atom and mirror velocity is
v* and v> respectively at this time, the angular velocity w,,
w, is constant in 27 time. Since the acceleration sampling
rate of the carrier is 2 kHz, the acceleration of the carrier is
chosen as the average acceleration a,,, , a,, during the T time
of atomic fall, as shown in Fig. 8.

Considering that the distance caused by the recoil of
Raman light is small, it can be omitted, that is S,,.,;(#) = 0.
Then, at the time of three Raman pulses, the position vector
expression of the atom in path A and path B can be trans-
formed as follows.
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*zy = r(D)(S(T) = 5,,(T))
*25 = r(D)(S(T) = 5,,(T))

"2y = HT)((S(T) = $,(T)) = (0 + %) + € — @,)T/2)

(18)

where *z‘§=*z§=*zz. Then the Formula 2 can be simplified
as follows,

AD =D, — Dy = D7) — 2B(°z,) + D(*z3) (19)

the position vector of Formula 18 is multiplied by the rota-
tion vector of Formula 17, the result is then brought into
Formula 19 to obtain the phase calculation expression which
is as follows,

AD. = ( (kg = 2k + Ky )(S (T) = S,(T) = (kg = K5 ) = vp)T) )
N +(k(’) + k;T)gT2 - (k()amI + k;Tamz)Tz/Z + A,

(20
where k! = k(—a,,0,,1 — 6%/2 — a?/2)", A®, is the phase
deviation caused by the distance of the Raman mirror from
the center of rotation. The deviation of the linear phase can

0, —w,T V¥, O+,
(ZT — a)aT QT aT aT + a)aT
a, a,
I I | >
0 T 2T
/2 T /2

Fig.8 The relationship diagram of tilt angle, angular velocity, accel-
eration and interference time
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be simplified as two terms, the tilt term A®,;, and the angu-
lar velocity term A®, by omitting the higher-order terms of
Formula 20. The detailed derivation process is in Appendix
A. The expression is as follows,

AD,, ~ —k(-2a;a, +260;a, )T* 1)
T T

AD, ~ —k(-a, / w,dt +a, / wed)T?. (22)
tJ-T YJ-r

The expression of tilt term A®,;, is slightly different from
the expression of gravity deviation caused by tilt in literature
[7], which is reflected in two aspects. The first is that the
X-axis direction is a negative sign, which is related to the
choice of the carrier coordinate system; the second is that
the product result of horizontal acceleration and angle is two
times, because both the accelerometer vector and the rotat-
ing light field vector contain horizontal attitude information,
the horizontal acceleration vector is shown in Formula (13),
and the light field vector is shown in Formula (17). When
the two vectors are multiplied and higher-order minor terms
are ignored, the scale factor 2 appears.

The angular velocity term A®,, is the product of the integral
of angular velocity and the horizontal acceleration. We have
assumed that the angular velocity @, and w, is unchanging in
2T time period, so it can be simplified as follows,

AD, ~ —k(-2w,a, +2w,a, )T (23)
the deviation of the final gravity value is expressed as
follows,

Aq)a) + A(I)zilt
kT?
+(“2w,a, +2wya, )T.

—Ag=- ~ (“2a7a, +20.a, )

(24)

4.3 Phase noise expression of dynamic angle

The premise of the derivation of the above formula is that
the time sequence of the atom falling and the stable plat-
form can be synchronized, but the attitude and horizontal
acceleration data of the platform at present do not match the
time point of the atom falling, so it cannot be used for phase
compensation. The dynamic angle change and the carrier
acceleration are taken as the measurement noise, and the
root-mean-square value of gravity noise caused by dynamic
angle change can be solved by combining with the corre-
sponding sensitivity function.

First, we calculate the power spectral of the relevant data
series of inertial navigation output, Fourier transform is
applied to Formula 24 to obtain the power spectral S g(co)2

of gravity noise caused by dynamic angle change, as shown
in the following expression,

4F (0) * G (w) 4F (o) * G (o)
472 * 472
| AR+ U (@)T? N 4F () * U (0)T?
4r2 4r2 '

Sy(@)* =
25)

where * is a convolution symbol, F () and F(w) is power
spectrum of horizontal vibration, G, (w) and Gy(a)) is power
spectrum of platform attitude angle, U (w) and Uy(a)) is
power spectrum of platform attitude angular velocity.

The 20-min data of in Sect. 4.1 is divided into 10 inter-
vals, each interval is 2 min, and the corresponding gravity
noise power spectral curve was obtained by using Formula
25, as shown in Fig. 9.

Second, a noise sensitivity function A(f) is needed to
solve the phase[24]. Since the cold atom interference pro-
cess can be regarded as a 27 time sampling process on the
time sequence, the function is in the form of Trigonometric
form[25], the time-domain expression is as follows,

[ YT+¢/T* -T<t<0
h(t)_{l/T—t/Tz 0<1<T (26)
the corresponding Fourier transform is H(w), the expression
is as follows,

2 eiTa) _ e—iTm

H(w) = T2w?

27
the curve of the transfer function is shown in the Fig. 10,
when the T is 20 ms, it can be seen that the transfer func-
tion has low-pass filtering characteristics, and the cutoff
frequency is 10 Hz.
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Finally, the root-mean-square value a;"” of gravity noise
is calculated by integrating the sensitivity function H(w)
and the noise power spectral S,(w), and the expression is
as follows[24].

(o7™) = /0 |H(@)[*S (w)do. (28)

The root-mean-square value of gravity noise in each interval
is obtained by using the results from Fig. 9, and the calcula-
tion results of Formula 28 is compared with those of Fig. 7a,
as shown in Fig. 11. The blue diamond in the figure is the
root-mean-square value of gravity noise from the perspective
of frequency domain, while the red curve is the real-time
value of gravity deviation calculated from the perspective of
time domain, the calculation results of the two methods can
accurately reflect the deviation of gravity value caused by
the dynamic tilt angle, and are basically consistent.

In the actual dynamic absolute gravity measurement
process, we can obtain the power spectral of the platform’s
horizontal vibration, attitude angle and angular velocity,
the root-mean-square value of gravity noise caused by the
dynamic angle change can be evaluated by using Formula
28. It can see from Fig. 11, the deviation of measurement
results is caused by the change of platform attitude angle,
which is mainly caused by the displacement of the Raman
light mirror relative to the atom. However, the result of mul-
tiplying the horizontal acceleration with the attitude angle
and angular velocity of the stable platform is a linear part in
the total displacement of the mirror.

Although this 1.5-3 mGal noise level is smaller than the
typical noise level after vertical motion vibration compensa-
tion, it is not the main noise to be considered at present, the
measurement accuracy will be further improved through fur-
ther studying the synchronization of the platform and atomic
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gravimeter to verify the effect of noise suppression in the
future. Besides, the result can also provides a basis for the
control accuracy design of the stable platform.

The control task of the stable platform is to maintain the
gravimeter at the local geographic level, and the attitude
control accuracy is related to the attitude solution algo-
rithm of INS and the parameters of the sensor in the stable
platform. In the 20-min sailing data used in this paper, the
attitude control accuracy of the stable platform will change
with the change of the azimuth angle when the carrier is
moving, and the simulation results show that the gravity
measurement results are biased. In the process of dynamic
measurement, the atomic gravimeter itself is not sensitive to
the azimuth angle, but the attitude control accuracy of the
stable platform is related to the azimuth angle, resulting in
the gravity measurement deviation. If the round-trip meas-
urement method is adopted on the measurement line, the
mean value of the horizontal attitude is zero, which avoids
the problem of gravity measurement deviation.

5 Summary

In this paper, the attitude change of the stable platform is
analyzed by using the sailing data of the absolute gravity
measurement carried out by the cold atom gravimeter in
the South China Sea, the angular velocity is concentrated
in 0.1 mrad/s, and the peak of the horizontal acceleration of
the carrier is 0.1 m/s? and 0.3 m/s?. In order to improve the
measurement accuracy of absolute gravity value, this paper
deduces the phase calculation expression of atoms in the
rotating light field, and estimates that the phase deviation
mainly comes from the linear phase by combining with the
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actual sailing data. Then, by simplifying the linear phase
expression, the simplest phase deviation expression includ-
ing the tilt term and the angular velocity term is obtained,
and the corresponding noise sensitivity function S () is
obtained by using the simplest expression, the transfer func-
tion H(w) in the form of trigonometric is used. The RMS
value curve of gravity noise is obtained by combining the
power spectrum of attitude, angular velocity and horizontal
acceleration, the range of the value is 1.5-3 mGal, and the
variation fluctuation is consistent with the result of trajec-
tory phase method. This method can be used to evaluate the
gravity noise generated by the dynamic angle change of the
platform, and improve the accuracy of the dynamic absolute
gravity measurement, furthermore it provides a basis for the
control accuracy index of the platform design.

Currently, the cold atom gravimeter and the stable plat-
form work independently, however the timing of the two can
be synchronized by communication method, it can provides
a design idea for a new dynamic compensation algorithm
based on the angle and angular velocity of the atom inter-
ference moment. In the future, the two can be further inte-
grated, the cold atomic gravimeter can provide local abso-
lute gravity information for the stable platform, correct the
influence of zero drift of the sensor, and further improve the
control accuracy of the platform.

Derivation of formula

Formula 20 has the following form:

A — < (K — 2K} + K (S (T) = 8, (1) = (K = Ky )Wy = ¥i)T)

+(K) + K, )gT? = (K@, + Kyya, )T? /2 + Ad,,

)~ (29)

where k! = k(—a,,0,,1 — 6?/2 —a?/2)T. The expression
contains a total of five items. Let’s break it down:
The first item: (k) — 2k} + k5. )(S,,(T) = S,,(T)),

— [T w0 )
(ky =2k + k) =k [T fow,rdr | -
—o, (30)

+1 -T<t<0
f(t)_{—l 0<r<T

where o, = (a2 /2+ 03 /2 + a2, /2+ 62, /2 — a2 + 62) = (02 + )T,
in one interference period, assuming angular velocity is con-
stant, then /" @, (dt = 0, [T w,(1)dt = 0.

From the data analysis in Sect. 2.2, it can be seen that
the magnitude of angular amplitude and angular velocity is
in mrad, and both of them are high-order minor terms after

squared. Then the first term is simplified as follows:

(kly = 2K + Ky )(S o (T) = S, (1) = —koyly ~ —kly (@2 + &2)T? % 0 31

where [, is the length of the Z-axis component between the
atom and the mirror at the time of 7.
The second item: —(k;, — k5 )%, — v )T,

[ w,
- [_TT w,(tdt (32)
—93/2 - a§/2 + 9§T/2 + a%T/Z

K-k, =k

where —62/2 — aZ/2+65,/2 + a3, /2 ~ 0. We know that
the initial velocity of the atom and the mirror is the same,
v — v’ is the relative velocity difference which depends on
the acceleration difference g — a,, between the atom and the
mirror at the time of z. Since the acceleration of the mir-
ror does not drastically change during atom fall, in order to
analyze the influence of the acceleration in an interference
process, the expression of the relative velocity difference
becomes v —v' ~ (g — (a, +a,)/2).

The vector expression for gravity and acceleration
which as follows is pluged into the second term,

0
g=| 0|
-8
—/ —k 2 —k
a, amh(l —ay/2) - a,, &
a,, = a;n” = a, (1-63/2)+a, 6, i
= = 2 2 —% —x
. amlz(l —ay/2-0;5/2) - a, o+ amh00
5212 a, (1-a;/2)~7a, a7
a,, = ajnh = a, (1-63/2)+a, 0r
— —k 27 2 — —x
a,, amh(l —a; /2 - 0 /2) — a,, ar + amzyﬁT

(33)
where a,, , a,, is the mean value from Fig. 8, compare with the

Formula 13,a" ,a" ,
my” gy

5:1]_ is the mean of the three axes of the

accelerometer in the first period 7, @, , @,
2x

’
mz)

a" is the mean
mzz

of the three axes of the accelerometer in the second period 7,
a .a E"nz is the projection of the acceleration

a .,a .a
my’ Tmy Tmy T my) T myy

value on the navigation axis. After multiplying and omitting the
higher order terms, the vector expression is as follows,

a

— (k) = Ky ) =T ~ —kT?
- [ o,0d(@, +T, )/2+@, a+a, a)/2)
+ [ 0p(0dN@,, +a,, )/2+ @, 6+, 69/ )
(34

where /_TT a)a(t)dt(ﬁfnlkao + E;Z ap)/2~0

f_TT a)e(t)dt(ﬁ;:lﬂo + Efnz_ 67)/2 =~ 0, because the result of the
product of the ‘acceleration value and the square of angle
value can also be regarded as a higher order minor term. And
you end up with,
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* * ~ 2
— (ky — Ky )V = v )T ~ —kT

T T
<— / w,(ndfa; + / wy(tydta, )
-T " -T 4

where (ﬁ;u + EZZX) /2= E;X, (E:m + 5;2‘.) /2= 5;“ are the
average acceleration. The above results are defined as AD,,
it is the product of the angular change and the horizontal
acceleration of the accelerometer during atom
interference.

The third item: (k) + k;T)gT2 /2

(35)

—ay = 0.5 [T f(Dw,(0dt
0y +0.5 [ f(Dw,y (1)t
1= 602/4—a2/4—62,/4 — o2, /4

(K +Ky)/2 =k

(36)
0

Since the gravity vectoris g =| 0 [, the result is as follows
-8

after multiplying and omitting higher order terms.

(ki + k), )gT? /2 = —kgT*

37
(1-05/4—a}/4—05./4—a5,/4) ~ —kgT" G

+ k! a, )T?/2, substitute the

m, T Korlm,

The fourth item: —(kja

P.Chen et al.
— —% —% — — —k
term, (am” + amh)/Z =a, (amly + amzy)/2 =a,
(am]z + amzz)/2 =a,, the resulting expression is as
follows,

] Iy 2 ~ _ET2(_ —k —k —
_(koam] + kzramz)T /2~ —kT*( 2aTamX + 26)Tamy + amj)
(4D
In the time domain calculation method of vertical vibration
compensation, trigonometric function is used to multiply the
vertical vibration value. Since the result of expression
—k —k —% . .
(am]: + amzz) /2= a, s the same as the result of trigonomet-
ric function in vibration compensation algorithm, k7%’ is

equivalent to the vibration compensation algorithm in the
vertical direction. Define the remaining two terms as A®,;;,,
it is the phase deviation produced by the tilt angle of Raman
light and the horizontal acceleration, and the expression is
as follows,

—(koa,,, + Koy, )T /2 = —kT*(=2a;@, +2607a,) (42)
The fifth item: A®, is the phase deviation caused by the
deviation of the Raman light mirror from the length of the
rotation center, since there is a square of the angular veloc-
ity, this is a higher order term,

acceleration vector into the fourth term, and the expressions ~ A®; = klyo| = kly(w, + w,)T* 0. (43)
are as follows.
—x b —se
—a, T amu(l —ay/2) - a,,
ka, =k 6, 5;1‘_(1 —-605/2) + E,";“eo (38)
1=a3/2-63/2 ) | @, (1~ a2/2=62/2) =T, @+, 6y
~ k(_20‘()am“ + 200am|y - aml:)
—yr r a;;ﬂu(l - ‘X%T/Z) - a;:nzza”
K,a,, =k 021 G, (1 =00y /2) 44, O (39)

2 2
1—a2,/2-63./2

s —% —%
~ k(—2a2TamZX + 292Tam2y - amh)

J— 2 - 2 J— —_
amzz(l —ay,/2-05,./2) - a, or+ amzveﬂ

The angle values of the above expression are unified into a7,
0, it is able to get

2
— (k@ + Ky, )T?/2

N —k(-ar(@, +a, )+ ef(aj,h_ + afnzy) + (a;lz + a;jh:)/z
-~ 7@, -a,)-ol@, —a, NI
(40)
where —w,T(a@’° —-a" )—w,T@ —a )T?~0is the
0 mly m2y a myy Moy ~

product of the change in acceleration value and the angular
velocity, and it is considered that the higher order small
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