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Abstract

®
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Information on the Earth’s gravity provides significant strategic support for economies, defense
and security. An atomic gravimeter (AG) realizes highly precise measurements of gravitational
acceleration by virtue of atomic interference. Vibration noise is a strong contributor to
limitations on the measurement sensitivity and accuracy of an AG. Vibration compensation
methods thus enhance the environmental adaptability of an AG since it can facilitate the
measurement of gravity when an isolation platform is unavailable. A dynamic compensation
filter is here devised for correction of the data output from a seismometer, which expands the
bandwidth of the seismometer and lowers the distortion of vibration signals. Additionally, a
transfer function estimation is introduced to better reflect the actual vibration of the Raman
mirror. Based on a simplified transfer function model, this method can modify the interference
fringes of the AG in real time. The experimental results show that the proposed optimization
method can attenuate the cosine fitting phase uncertainty of interference fringes by up to
85.91%, and reach an uncertainty of about 76.37 puGal in a complicated vibration environment.
The AG’s measurement accuracy is effectively improved by the proposed method. It is verified
that the proposed method is effective and adaptable in a complicated noise environment.

Keywords: atomic gravimeter, vibration compensation, dynamic compensation, data processing

(Some figures may appear in colour only in the online journal)

1. Introduction

Gravity measurement is a significant aspect in geophysics,
geological surveys, and inertial navigation [1, 2]. An atomic
gravimeter (AG) is a high-precision absolute gravimeter based
on atomic interference. It is capable of continuously measuring
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absolute gravitational acceleration, with a measurement accur-
acy can reach the level of a few microgals [3, 4]. Highly pre-
cise gravity measurement has been widely demanded, pro-
moting the development of portable, mobile, and dynamic
AGs. For this reason, an AG must be highly adaptable to the
environment [5, 6]. Nevertheless, their measurement accur-
acy and reliability are considerably restricted by vibration
noise in complicated environments [7]. In atomic interfer-
ence measurement, the vibration noise of the Raman mirror
is not only the principal contributor to the measurement noise
of an AG, but is also a significant constraint on the resolu-
tion and sensitivity of gravity measurement. The measurement
uncertainty caused by ground vibration may exceed 10 uGal,

© 2023 The Author(s). Published by IOP Publishing Ltd
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and even go beyond 10 mGal in a complicated vibration envir-
onment. For this reason, it is crucial to inhibit vibration noise.

Presently, vibration noise is commonly inhibited by vibra-
tion isolation or compensation [8—11]. A vibration isolation
platform is effective in easing the interference caused by vibra-
tion on gravity measurement, and helps to achieve good accur-
acy measurement [12]. However, they are characterized by
large size, complex systems, and difficulty in handling. In the
process of vibration compensation, the vibration of the Raman
mirror is measured, and the fringes are reconstructed after
removing the vibration-induced phase shift [7, 13]. Vibra-
tion compensation may not be as effective as vibration isol-
ation, but facilitates integrated, compact, and mobile designs
of AGs. Therefore, vibration compensation is of great practical
significance [14, 15].

Measuring the vibration of the Raman mirror is crucial to
vibration compensation. Vibration can be implemented dir-
ectly or indirectly. In the process of direct measurement, a
mirror is taken as a sensitive mass, and its motion iS meas-
ured by a self-made sensor. This realizes highly accurate com-
pensation, but it is difficult to implement. The devised sensors
are characterized by narrow bandwidth, making it impossible
to measure absolute gravity in more complicated vibration
environments [16, 17]. Indirect measurement relies on util-
izing a commercial vibration sensor to measure the motion
of the Raman mirror. Nevertheless, it is not easy to estim-
ate the transfer function of the sensor and the Raman mir-
ror. In the process of indirect measurement, the vibration
measured by the sensor is used in vibration compensation
by simply equaling it to the vibration of the Raman mirror.
A low accuracy of compensation therefore results in com-
plicated vibration environments since the transfer function of
the sensor and the transfer function from the sensor to the
Raman mirror are overlooked. Bidel et al [18, 19] construc-
ted a shipboard and airborne absolute gravity measurement
system with the Raman mirror placed on an accelerometer,
which realized absolute gravity measurement in milligals after
vibration compensation in a dynamic environment. In China,
shipboard and vehicle-mounted dynamic measurements have
been performed by scholars from the Zhejiang University of
Technology [20], Naval University of Engineering [21, 22],
and Huazhong University of Science and Technology [11].
In their studies, an accelerometer was employed to measure
the vibration of a Raman mirror for vibration compensation,
leading to highly accurate gravity measurements. In order to
measure the actual vibration of the Raman mirror, Xu et al
[13] adopted commercial inversion software for fast Fourier
transform of the waveforms captured by a seismometer, and
obtained the frequency spectrum of vibration. The frequency
spectrum was modified by the transfer function determined
from the measurement and then inverted into the time domain
waveform through inverse fast Fourier transform. The inver-
sion of the transfer function was experimented with, reveal-
ing an order-of-magnitude improvement after vibration com-
pensation. In this case, the vibration compensation method
was nearly half of the effectiveness of the vibration isolation
method. However, vibration compensation was more effective

when the external vibration was more dramatic, and capable
of compensation for the phase generated by the vibration noise
greater than 4.

In vibration compensation for an AG, it is difficult to gather
information on the actual vibration of the Raman mirror.
First, a high-precision sensor is crucial to vibration measure-
ment. Wen et al [23] conducted a controlled experiment, and
concluded that a seismometer achieved better compensation
than an accelerometer, and could realize a single measure-
ment standard deviation greater than 100 microgals. Due to
the limited bandwidth and range (normally less than 50 Hz),
the increasing high-frequency components of vibration noise
lead to signal distortions in the readings of seismometers,
including amplitude attenuation and phase distortion. Thus,
the effect of compensation declines. In contrast, the accelero-
meter was characterized by large bandwidth and good dynamic
performance. It was able to realize a measurement standard
deviation in milligals under complicated and dynamic con-
ditions, but was still troubled by low resolution and low-
frequency drift. Le Gouét ef al [7] combined a regressive infin-
ite impulse response filter with a non-causal low-pass filter.
With a damping for the vibration of above 30 Hz, the compens-
ation by filtering achieved a 25% better vibration inhibition
than compensation directly using the data from a seismometer.
Moreover, the mechanical transfer function, resulting from
different mounting positions for the vibration sensor and the
Raman mirror, acted as another major influence on the accur-
acy of vibration compensation. Wang et al [24] proposed
a transfer function simplification model, which simplified a
transfer function into a gain and delay model. This model
presented an effective way to address the difficulty in transfer
function estimation and the variation of transfer function with
the change of reflector installation method and temperature. It
was then applied in the vibration compensation of an optical
absolute gravimeter. A high-precision seismometer was also
employed to detect the vibration signals. Following this, a cor-
relation analysis or golden section method was used to search
two coefficients, that is, gain and relay. As a result, the traject-
ory signals of falling objects were modified to provide favor-
able compensation. Yao et al [25] applied a simplified transfer
function to the vibration compensation of an AG for the first
time, which delivered good compensation in a tranquil testing
environment. However, this was not verified in a complicated
vibration environment.

To improve the vibration compensation of an AG in a
complicated vibration environment, a vibration compensation
optimization method is here proposed for mobile AGs con-
sidering dynamic characteristic compensation of seismomet-
ers. As aforementioned, being characterized by low noise
and high sensitivity, a seismometer is selected for vibra-
tion measurement. A dynamic compensation filter is therefore
devised to cope with the narrow bandwidth of a seismo-
meter. It is used to correct a seismometer’s output data, which
effectively increases its bandwidth and reduces vibration sig-
nal distortions. Furthermore, a simplified transfer function
model is employed and optimized by an improved sparrow
search algorithm to determine the optimal gain and delay.
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The transfer function is fast-estimated to better reflect the real
vibration of the Raman mirror and real-time correction of the
interference fringes of the AG. An experiment is carried out
to assess the interference fringe fitting phase uncertainty of
an AG and the Allen deviation of gravity measurements. The
effect of the proposed method on vibration compensation is
analyzed to facilitate the application of an AG in a complic-
ated vibration environment.

2. Principles

2.1 Vibration compensation for an AG

An AG is used to measure absolute gravity utilizing the basic
principle of the wave interference of atomic matter under the
joint effect of Raman lasers and cold atoms. During its free
fall, a sample of cold atoms is triggered by a m/2—m—m/2 Raman
laser pulse to be split, reflected and combined, which results in
matter wave interference. Following this, normalized detection
is conducted to capture the fluorescence signal of the atoms
and to determine the atomic transition probability P. The inter-
ference fringes satisfy P = Py + C/2cos(A®), where Py, C and
A® stand for the probability bias, contrast and phase of the
atomic interference fringes, respectively. Because of the Dop-
pler shift, the frequency of the Raman laser must be scanned
linearly to guarantee the atomic resonance with the Raman
laser in the falling process. The phase, A®, is defined by

AD = (kg — 2m)T?, (D

where kg s the effective wave vector, « is the chirp rate of the
Raman laser’s frequency, and T is the time interval of Raman
pulses. The interference fringes are eventually fitted by a least-
squares method to determine the gravity.

In practical measurement, the actual phase of an AG con-
tains a phase shift, Ad.y, caused by the vibration of the
Raman mirror as follows:

AD = (ketrg — 2m)T> + Adip. )

A vibration sensor can be used to measure the vibration
of the Raman mirror. The value A®,;, can be determined by
equation (3):

2T+41
A®ip, = kegr / gs(t)v(1)dt, €)]
0
where g¢(¢) is the velocity sensitivity function of the gravi-
meter and v(¢) is the vertical vibration velocity of the Raman

mirror. The sensitivity function, g(f), is given by equation (4)
[26]:

0 t<-T-271
sinQpr(T+1) —-T—-21<t<—-T—7
) —1 —T—7<t<—T
8s(1) = sin Qrt T<t<T+T1 » 4
—sinQr(T—1) TH+7<e<TH27

0 t>T+2r

where ()R is the Rabi frequency and 7 is the length of a finite
Raman pulse. As a result, the calculated phase shift for the
vibration of the Raman mirror is removed. After compensa-
tion, a phase transition probability curve is obtained for the
reconstruction of fringes to restore the atomic interference
fringes. The actual gravitational acceleration is then calcu-
lated. The compensation process is shown in figure 1.

2.2. Dynamic compensation of seismometer

Dynamic error is caused by hysteresis in the response of a
measurement system to a change of an input signal, or caused
by different attenuation-gain proportions of the frequencies
in the input signal that pass through a measurement system.
When measuring vibration with a seismometer, the meas-
ured signal is sampled after passing through the seismometer;
due to the poor dynamic characteristics of the seismometer,
dynamic errors are generated; thus, a dynamic compensa-
tion system needs to be built to compensate for this and to
improve the measurement accuracy [27]. The framework of a
dynamic compensation system for a seismometer is presented
in figure 2.

In figure 2, v(¢) is the actual measured signal and vpe,(?)
is the signal measured by the seismometer. The poor dynam-
icity of the seismometer causes the difference between vie,(?)
and v(¢), resulting in the aforementioned dynamic error. The
seismometer system is denoted by G(z), and the dynamic com-
pensation parameters form a system C(z). The output signal of
the seismometer, Ve, (), becomes veon(#) after compensation.
The output signal veom (?) is closer to the measured signal v(r).
Put simply, the output after compensation vy (#) replaces the
seismometer output vye,(?), as illustrated in figure 2:

G(2)v(1), ®)]

Vmea(t) =

vcom(t) = C(Z)Vmea(t)' (6)

Dynamic compensation intends to expand the working fre-
quency band of the seismometer, to cover the main frequency
components of the measured signal fully or as much as pos-
sible. It is realized by serially connecting a compensation unit
to the output end. The unit often contains a compensation filter
that changes the amplitude and frequency components of the
seismometer’s output signal [28]. In other words, it increases
the original system bandwidth and inhibits the signal at the
resonance frequency.

The dynamic compensation system C(z) is determined by
Vmea(f) and v, (7) with the differential equations as follows:

A(Zil)vmea(t) :B(Zil)vcom(t)v (7)

A(z! ag+ a1z Farz Tt 4 Faz "
Cz) = (,l)z T L =8
B(z7Y)  l+biz7 V4 bz 2+ + bz

where ay, ay, ..., a, and by, by, ..., b, represent the coefficients
of the compensation system, and n stands for the order of the
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Figure 1. Vibration compensation for an atomic gravimeter.
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Figure 2. Framework of a dynamic compensation model for a seismometer.
compensation system. Ideally, there is C(z)G(z) = 1, implying
that the signal is not distorted after dynamic compensation. , —» Ve
Nevertheless, the signal is unstable according to the Nyquist
criterion. A non-ideal compensation unit is utilized for com-  V,
pensation to reduce the error of dynamic measurement, and
. . N—1 2
make the objective function J =), _, [v(k) — Veom(k)]” —
' ] : ' Zk,() [v(k) ' com (K)] Gb —» GC —)Vmea
min, where v(k) is the step signal and veom (k) is the data of

the test signal through the bandwidth compensation system.
In this way, the seismometer can meet the requirements of the
application.

2.3. Transfer function estimation

The actual vibration of a Raman mirror is measured, and then
used to calculate the phase shift driven by such vibration. This
provides the compensation for the measurement of an AG.
Nevertheless, the output signal of the seismometer is not equal
to the actual vibration of the Raman mirror; their relation-
ship is shown in figure 3. In the figure, vy denotes the ground
motion, Vg, indicates the motion of the Raman mirror, vy, is
the output velocity of the seismometer, G, represents the trans-
fer function from the ground motion to the reference prism
motion, G;, stands for the transfer function from the ground
motion vy to the input of the seismometer, and G, is the trans-
fer function of the seismometer.

The transfer function between the actual vibration velocity
of the Raman mirror and the output signal of the seismometer
satisfies

~ Vmea G,

VRm = G. Eb

(€))

= VmeaHy.

Figure 3. Relationship between the output of the seismometer and
the vibration of the Raman mirror.

Vibration compensation can be implemented after solving
the transfer function Hy, as it is affected by the accuracy of
this transfer function. Among them, G. is provided by the seis-
mometer’s manufacturer or measured at the site. Nevertheless,
drift may occur at different times or situations. In the field or
in other complicated environments, the actual transfer function
may be different from the stated measurement transfer func-
tion because of dramatically varying ambient temperature or
humidity. Consequently, the seismometer must be periodic-
ally calibrated. Moreover, G,/G;, also vary with some factors
such as the distance from the seismometer to the Raman mir-
ror and how they are attached. It is difficult to directly measure
G,/Gj,, which is approximately 1 only if the distance is short
and the attachment is secure. As a consequence, the transfer
function Hy is difficult to directly measure and often varies in
application.

In a practical system, delay is an inevitable problem for
machines and circuits no matter what type of sensor is used
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to measure the motion of the Raman mirror. Additionally,
a sensor’s sensitivity may be affected by estimation error
to drift with changes of time and temperature. However,
the measurement environment will not change significantly
in a single gravity-measurement task: in this case, a delay
coefficient, v, and a gain coefficient, A, can be combined
into a simplified transfer function model to estimate Hy
[29, 30]. It is believed that the values of these two coef-
ficients remain unchanged during the current measurement
process [24]. The actual motion of a Raman mirror can be
expressed as
VRm () = A - Vinea (f+7)- (10)
Based on the principle of atomic interference gravity meas-
urement, the relationship between atomic transition probabil-
ity and interference phase forms a trigonometric function. As
aresult, the parameters of the transfer function can be determ-
ined by assessing the reconstruction of the interference fringes
and by fitting of a cosine waveform. This is essentially a prob-
lem of optimization. The residual error of fitting is represented
by f(A, ), where (A, ) belongs to the set K. The model for
this problem can be expressed as

mlnf(x),’ (11
st.xeK
Over several periods of atomic interference, the chirp rate is
scanned to determine the atomic interference fringes. The set
K is traversed to minimize the residual error in the fitting of
the compensated interference fringes and cosine curve, which
realizes the best fit. It is believed that the gain coefficient, Aoy,
and the time delay, ~yop, are optimal at this time. In this way,
the transfer function is estimated. After that, the estimated
transfer function is used to restore the vibration of the Raman
mirror. With equation (3), the phase change caused by the
vibration noise in each atomic interference period is determ-
ined to obtain the atomic interference fringes after removing
the influence of vibration noise.

3. Experiment

3.1. Apparatus

A self-made, compact and mobile AG was used in this exper-
iment. It consisted of vacuum, optical and control systems,
with the indicators for its performance detailed in [31]. The
interference time interval of this system was 7 = 71 ms. The
measurement was conducted in the form of fringe scanning.
During measurement, the Raman laser vector ks remained
unchanged, but the scan frequency « increased linearly. Each
set of data contained 20 atomic interferences, which were fit-
ted into an interference fringe.

A low-noise and low-frequency broadband seismometer
(CMG-3V, Giiralp Systems Ltd) was used to measure motion.
Its effective bandwidth was 0.0027-50Hz. Its noise level
of 0.01-10 Hz was lower than 4 x 10~°(m s~2)/v/Hz. Its

10’ 10?
Frequency(Hz)

Figure 4. Power spectrum density of ground vibration noise at the
laboratory.

sensitivity was around 2000 V m~!' s~!. A temperature-
compensated suspension spring was adopted to consider-
ably lower the temperature dependence and reduce the low-
frequency drift. This seismometer has been widely applied in
active vibration isolation systems [32] and in the AG at Stan-
ford University [33, 34].

3.2. Vibration noise

The experiment was conducted in a fourth-floor laboratory.
The laboratory is located in an office area but is surrounded
by traffic, buildings, and large mechanical vibration sources.
During the experiment, vibration isolation was not adopted.
The power spectrum density (PSD) of ground vibration accel-
eration at the laboratory is shown in figure 4.

In the PSD diagram for vibration noise at the laboratory,
the 0.1-0.5 Hz noise was mainly caused by microseisms of
the Earth, the noise around 2 Hz originated from the natural
vibration of the building, and the noise found at 10-20 Hz was
attributed to human activities. The noise of higher frequen-
cies resulted from the vibration of instruments in operation.
There was a large characteristic peak at a frequency of around
50 Hz [35]. These noises were coupled into the inertial noise
for the AG.

To further assess the influence of vibration on the AG at
the laboratory, the relationship between the vibration accel-
eration transfer function and the AG transfer function can be
expressed as

2 szf 2
[Ho@) = " (@),

12)

where Hg(w) is the transfer function between the AG’s inter-
ference phase and the Raman laser’s modulation phase. It is

given by equation (13):
Hoy(w) 4iQrw . T+2T1 T+21
w)=— sin | w cos [ w
¢ W — 02 2 2

(13)

+— Xsin|w—= .
w 2
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Figure 5. Influence of vibration noise on a gravimeter. (a) The blue line indicates the power spectrum density (PSD) of vibration noise at
the laboratory, the red line is the normalized transfer function with 7 = 71 ms, and the orange line represents the resultant PSD of vibration
noise and transfer function. (b) Integration analysis of vibration noise by frequency band.

The contribution of vibration to the gravimeter can be
obtained by integration after convolution of the PSD S,(w) and
the transfer function of vibration acceleration:

(01m)* = / |Ho ()] S (w)dw. (14)
0

In figure 5(a), the red line indicates the normalized trans-
fer function of 7 = 71 ms, the blue line represents the PSD
of ground vibration noise, and the orange line stands for their
convolution. This helps more vividly analyze the influence of
vibration on the gravimeter. The orange line is integrated to
determine the phase caused by vibration noise. The phase shift
resulting from the ground vibration noise at the laboratory is
3.9 wrad. After integration for each frequency band, the con-
tribution of the vibration of each frequency band to the phase
of the gravimeter can be determined, as shown in figure 5(b).
The phase fluctuates dramatically in the 0.1-100 Hz frequency
band, and the influence of the frequency band below 200 Hz
exceeds 1 uGal.

While assessing the influence of vibration noise on the AG,
attention should be paid to the intensity of the noises of dif-
ferent frequencies at the place of measurement. Moreover, the
influences of the different frequency noises on the AG should
be also taken into account. In a complicated vibration envir-
onment, noises are mainly caused by human activities and
mechanical vibrations, and are of relatively higher frequency,
in particular around 25 Hz and 50 Hz. For this reason, noise in
the range of 0.1-200 Hz must be carefully addressed.

_ 5.137+16.64z — 2,112 — 13.292° — 21.99z* — 2.487° +9.167% + 9.547" — 0.37°

3.3. Procedure

The experiment was carried out in four steps with the technical
route as shown in figure 6, including measurement by an AG
and vibration signal acquisition, vibration signal correction,
transfer function estimation and vibration compensation. The
specific procedure of this experiment is described as follows.

Step 1: Undertake measurement with an AG with the sim-
ultaneous collection of data from a seismometer. In this sys-
tem, time synchronization is dependent on an atomic clock. It

was controlled to label and begin the collection of vibration
data at the time of the first 7/2 Raman interference. Consider-

ing the delay of data, it was set to initiate the collection 0.1 s
ahead of the first 7/2 Raman interference, and to end it 0.1 s
after the last 7/2 Raman interference. This was intended for
the subsequent correction of vibration data.

Step 2: Correction of vibration signals. The bandwidth of
the vibration measurement device was less than 50 Hz. This
must be improved since it is not possible to satisfy the require-
ments for high-frequency vibration measurement in a com-
plicated environment. Dynamic compensation was therefore
performed for the seismometer to increase the measurement
bandwidth and gather more real vibration signals. For this
reason, a compensation filter was devised. With an improved
particle swarm optimization algorithm, the parameters of the
compensation filter were determined after multiple iterations.
The transfer function for the compensation filter,C(z), is as
follows:

Clz) =

The determined parameters were used to construct a com-
pensation filter model and draft a Bode diagram before and
after the compensation for the seismometer, as shown in

1—0.487—0.0722 — 0.4573 — 0.18z* + —0.472° + 0.67z6 + 0.0277 +0.1928

5)

figure 7. Evidently, the effective bandwidth of the transfer
function was increased from 50 Hz to 150 Hz (—3 dB) after the
compensation. After being tripled, the bandwidth approached
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Step I: Atom gravimeter measurement and Original vibration
signal acquisition

Step 3: Transfer function estimation

Step 4: Vibration compensation

Phase

-

.

Proportion

Figure 6. Technical route of vibration compensation optimization.
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Figure 7. Bode diagram before and after the compensation for the seismometer.

a normal value. Additionally, the phase delay was also allevi-
ated. After the compensation, the transfer function of the seis-
mometer was closer to the time delay.

Step 3: Use corrected vibration signals to estimate the
transfer function and determine the coefficients including gain
and delay. The sparrow search algorithm is a novel intelligent
swarm optimization algorithm. It is greatly advantageous in
terms of convergence, stability and robustness. Nevertheless,
it is also troubled by premature convergence. As an improved
version, the chaotic sparrow search algorithm (CSSA) was
adopted with cosine chaotic mapping and the genetic operator
mutation operation, to improve the global search capability of
the algorithm [36].

Step 4: Use the gain coefficient and delay obtained in Step
3 with the simplified transfer function model of equation (10)
to restore the vibration of the Raman mirror. The vibration-
induced phase shift is then determined by equation (3). Vibra-
tion compensation is completed after removing the phase shift.

4. Results

In order to reduce the randomness of single measurements, the
experimental data were selected in 20 interference periods for
the transfer function estimation. After the data were optim-
ized with the CSSA, 20 optimal gains and delays were determ-
ined, as given in figure 8. The average value of these gains

was approximately 1.469 with a standard deviation of 0.037.
The average value of these delays was 1.78 ms with a stand-
ard deviation of 0.095. Considering their centralized distribu-
tion and low standard deviation, it was believed that the aver-
age values could reflect the actual performance of the system.
Therefore, the average values were taken for gain coefficient
and delay.

Figure 9 presents the interference fringes after vibration
compensation through the proposed optimization. The phase
uncertainty of cosine fitting was 62 mrad, and the corres-
ponding gravity measurement uncertainty was 76.37 uGal.
The proposed optimization realized the favorable restoration
of effective interference fringes. However, the data after com-
pensation still contained noises introduced by other sources
into the system.

A controlled experiment was carried out to prove the superi-
ority of the optimized vibration compensation method and
to determine the role of the seismometer’s dynamic char-
acteristic compensation and transfer function estimation in
the optimized method. The compensation with the proposed
method was compared with three other methods of com-
pensation. Method 1 is to use the seismometer measurement
data for direct compensation; that is, without steps 2 and 3.
Method 2 is to use bandwidth seismometer compensation but
without transfer function estimation; that is, including Step 2
but not Step 3. Method 3 is to use transfer function estima-
tion but without bandwidth seismometer compensation; that
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Figure 9. Interference fringes after the proposed compensation. The
blue points indicate the experimental data from 20 points, and the
red line is the cosine function fitting curve.

is, carrying out Step 3 but without Step 2; Yao et al used
this method in [25]. The effects of the various compensation
methods are shown in figure 10. The original measurements
without compensation are given in figure 10(a). It is evident
that the atomic interference fringes have been entirely flooded
by excessive vibration noise. The fringe fitting failed, mak-
ing it impossible to measure gravity. In figure 10(b), the res-
ults after compensating with Method 1 reveal the poor effect.
The measured vibration signals are severely distorted because
of too much vibration noise and the narrow bandwidth of
the seismometer. The phase uncertainty of cosine fitting is
439.57 mrad, and the uncertainty of gravity measurement is
541.95 pGal. In order to verify the constraint of the seismo-
meter’s bandwidth on vibration compensation, Method 2 was
employed for vibration compensation. The results are illus-
trated in figure 10(c). It is revealed that the fringe fitting is
improved after correcting the data from the seismometer. The
phase uncertainty of cosine fitting is 230.5 mrad, while the
uncertainty of gravity measurement is 283.91 pGal. Since
transfer function estimation was also shown to play a signi-
ficant role in vibration compensation, it is implemented in
Method 3. The results obtained after estimation were then
used for vibration compensation. The compensated interfer-
ence fringes are given in figure 10(d). The phase uncertainty

of cosine fitting is 160.34 mrad, and the uncertainty of gravity
measurement is 197.49 pGal. In other words, transfer func-
tion estimation can also improve the accuracy of vibration
compensation.

Allan deviation analysis was performed with the gravity
deviation after compensation to further explore the influence
of the proposed method on gravity measurement. The results
are given in figure 11. As revealed in the figure, the gravity
measurement resolution of methods 1, 2 and 3 are 367 uGal,
221 pGal and 163 pGal, respectively, after the 96 s integra-
tion (without tidal effect being compensated for). However,
the gravity measurement resolution of the proposed method
reaches 106 pGal at 96 s. The proposed method has an Allen
deviation 71.12% lower than the direct vibration compensa-
tion. Therefore, the optimized vibration compensation method
can deliver a satisfying gravity measurement in a severely
noisy environment, as well as meet requirements for measure-
ment in the field.

In table 1, the experimental results of the different com-
pensation methods are given for a clear analysis. The com-
parison with Method 1 (direct compensation) can reveal how
much the performance is improved. After correcting the data
from the seismometer with the compensation filter devised
in this paper, the uncertainty of measurement with vibration
compensation for the AG was reduced from 541.95 pGal
to 283.91 pGal. Therefore, the effect of compensation was
improved by 47.61%. The resolution of gravity measurement
after the 96 s integration increased from 367 uGal to 221 puGal,
which was a 39.78% improvement. This implies that the com-
pensation filter expanded the bandwidth of the seismometer
and satisfactorily restored the vibration signals. Moreover,
transfer function estimation helped lower the uncertainty of
measurement with vibration compensation for the AG from
541.95 pGal to 197.49 pGal. The effect of compensation
was improved by 63.56%. The resolution of gravity measure-
ment after the 96 s integration increased from 367 puGal to
163 pnGal, which was a 55.59% improvement. Transfer func-
tion estimation proved essential in the process. After apply-
ing the proposed optimization algorithm, an optimal vibra-
tion compensation was achieved. Effectively, the uncertainty
of measurement could be further lowered to 76.37 uGal, and



Meas. Sci. Technol. 34 (2023) 055014 W-B Gong et al
0.15 @) 0.15 )
8 0.14 . <014 . 1
8 . e
E. . IC—L .
8 s .. . S 2 . .
B o13t R 5 i T 013 g .
e . . o .
= . - [ - .
0.12 . 0.12 .
-6 4 2 0 2 4 6 -6 4 2 0 2 4 6
Phase(rad) Phase(rad)
0.15 © 0.15 @
z .« i z
S 0.1af : <
o o
o <]
a [=%
§ 8
& 3
& g
= [
0.12 . . 0.12
-6 -4 2 0 2 4 6 -6 4 2 0 2 4 6
Phase(rad) Phase(rad)
Figure 10. Atomic interference fringes. (a) Uncompensated fringes, (b) Method 1, (c) Method 2, (d) Method 3.
Table 1. Experimental results.
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Figure 11. Comparison of gravity measurements after vibration
compensation in terms of Allan deviation.

the resolution of the gravity measurement after the 96 s integ-
ration reached 106 puGal. The effect was therefore improved
by 85.91% and 71.12%, respectively, compared with the dir-
ect vibration compensation.

5. Discussion

Vibration compensation can effectively inhibit vibration noise
and enhance the accuracy of gravitational acceleration meas-
urement, especially in a complicated vibration environment.
However, the effect of compensation is limited to the vibra-
tion measurement of the Raman mirror. Furthermore, atomic

interference gravity measurement is exposed to a variety of
noise sources including vibration, Raman laser phase and light
intensity.

Vibration compensation therefore presently encounters two
issues. One is to solve the motion of the Raman mirror based
on the output of a sensor; that is, by solving the transfer func-
tion. The other is to identify and correct the change of trans-
fer function promptly. The transfer function estimation can
improve the vibration compensation accuracy of the AG. In
our Method 3, only the transfer function is estimated, and the
uncertainty in a single measurement of AG vibration compens-
ation is 197.49 nGal. However, due to the narrow bandwidth of
the seismometer, it is impossible to truly measure the vibration
signal under complex environments. The proposed seismo-
meter dynamic compensation filter in this paper can effectively
improve the problem of insufficient measurement bandwidth,
boost the transfer function gain of the seismometer after band-
width compensation close to 1, ensure the phase is linear, more
in line with the effective conditions of the simple transfer func-
tion model, reduce the error caused by the non-equivalence
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between the actual transfer function and the simplified model,
and increase the uncertainty of the single measurement of the
AG vibration compensation to 76.37 uGal. As a result, it is
61.33% higher than Method 3.

After comparison with existing procedures for vibration
compensation, the proposed method is proved to be highly
effective in improving the solution accuracy of the trans-
fer function and solving the drift of the transfer function.
In applications having lower requirements for accuracy, the
transfer function can be reasonably simplified to achieve a bal-
ance between accuracy and operability.

The accuracy of vibration compensation can be further
improved after performing dynamic compensation for a seis-
mometer. In other words, a compensation filter expands the
bandwidth of the transfer function to practically restore the
vibration signals. This can effectively reduce the distortion of
vibration signals and make the transfer function closer to the
simplified model. Nevertheless, such a dynamic compensation
system fails to fully correct the amplitude attenuation because
of the intrinsically narrow bandwidth of seismometers, mak-
ing it impossible to perfectly restore high-frequency vibration
noise.

6. Conclusions

A vibration compensation optimization method for a mobile
AG was proposed in this paper. It was combined with dynamic
characteristic compensation of a seismometer to resolve the
poor vibration compensation effect for AGs in complicated
environments. The proposed method can better restore the real
vibration of the Raman mirror through dynamic characteristic
compensation of the seismometer and transfer function estim-
ation. It achieves better compensation, especially in a complic-
ated vibration environment containing high-frequency vibra-
tion. It remains effective even if the vibration-induced phase
shift reaches 3.9 7rad. In an experiment for vibration com-
pensation in a complicated vibration environment, the pro-
posed method was compared with direct compensation using
the data from the seismometer. As revealed, it realizes dra-
matic attenuation of the cosine fitting phase uncertainty for
the interference fringes of the AG. The maximum attenuation
reaches 85.91%. In addition, the sensitivity of measurement is
improved from 541.95 pGal to 76.37 nGal. The Allan devi-
ation of the gravity calculated with the corrected interference
fringes decreases by 71.12%. Thus, the proposed method is
proven to be effective and advanced. The transfer function
may vary with the environment, but the proposed method is
strongly adaptive. Therefore, it can reasonably estimate the
practical transfer function of a structure regardless of the
changing environment of measurement, to achieve the best
correction of atomic interference fringes, anytime anywhere.
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