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An absolute gravimeter is a precision instrument for measuring gravitational acceleration, which plays an important
role in earthquake monitoring, crustal deformation, national defense construction, etc. The frequency of laser interference
fringes of an absolute gravimeter gradually increases with the fall time. Data are sparse in the early stage and dense in
the late stage. The fitting accuracy of gravitational acceleration will be affected by least-squares fitting according to the
fixed number of zero-crossing groups. In response to this problem, a method based on Fourier series fitting is proposed
in this paper to calculate the zero-crossing point. The whole falling process is divided into five frequency bands using the
Hilbert transformation. The multiplicative auto-regressive moving average model is then trained according to the number
of optimal zero-crossing groups obtained by the honey badger algorithm. Through this model, the number of optimal
zero-crossing groups determined in each segment is predicted by the least-squares fitting. The mean value of gravitational
acceleration in each segment is then obtained. The method can improve the accuracy of gravitational measurement by more
than 25% compared to the fixed zero-crossing groups method. It provides a new way to improve the measuring accuracy of
an absolute gravimeter.

Keywords: absolute gravimeter, laser interference fringe, Fourier series fitting, honey badger algorithm, mul-
tiplicative auto-regressive moving average (MARMA) model
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1. Introduction

The precise measurement of gravitational acceleration is
of great significance in the fields of metrology, geophysics,
and geodesy.[1–4] During the operation of a laser interfero-
metric absolute gravimeter, the free-fall mirror and the ref-
erence mirror in the Michelson interferometer interfere with
each other under light reflection. Laser interference fringes
can be obtained. The free-fall time and trajectory are calcu-
lated through the laser interference fringes. Finally, the value
of gravitational acceleration is obtained by the least-squares
method. At present, there are three methods for processing
the laser interference fringes of absolute gravimeters: two-
sample zero-crossing detection method, windowed second-
difference method, and complex heterodyne demodulation
method. The two-sample zero-crossing detection method cal-
culates the zero-crossing point by interpolating the two sam-
ple points that are closest to the zero point and have opposite
signs. The windowed second-difference method with an added
window is to set a time window of a certain size and set a
threshold value according to the peak and valley values within
the time window. When the sample points within the thresh-
old range selected by the threshold value are close to a straight
line, a straight line is fitted to calculate the zero-crossing point.
The complex heterodyne demodulation method is performed

to iteratively outline a suitable signal on the sampled swept
signal, narrowing its frequency band to a position close to
the zero frequency. The final gravitational acceleration is ob-
tained by nonlinear fitting. Svilov compared the differences of
these three methods with the same absolute gravimeter.[5] The
two-sample zero-crossing detection method has high require-
ments on computer performance and relatively poor accuracy,
but it is widely used due to its simple calculation rules. The
windowed second-difference method is slower in the process
of finding the zero-crossing points of fitted line. The com-
plex heterodyne demodulation method is suitable for seriously
under-sampled signals and requires prior knowledge of the sig-
nals.

It is not necessary to fit all time–displacement data for
gravitational acceleration calculation. A zero crossing is taken
at every N crossing point, and the subsequent least-squares fit-
ting is performed. Zumberge used the JILA absolute gravime-
ter to measure the acceleration of gravity over a falling dis-
tance of 17 cm.[6] The number of zero-crossing groups for
each drop is 150. Least-squares fitting was performed on
45 entries of time–displacement data obtained by the two-
sample zero-crossing detection method. The resulting gravi-
tational acceleration has a standard deviation of 6–10 µGal.
Niebauer obtained the interference fringes from the data ac-
quisition module of the absolute gravimeter of FG5.[2,7–9] The
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two-sample zero-crossing detection method was then used to
calculate the zero-crossing points based on the interference
fringe data. The number of zero-crossing groups for each
drop was 700. The standard deviation of calculated gravi-
tational acceleration was 5–8 µGal. Wu calculated the zero-
crossing points and the falling distance by improving the two-
sample zero-crossing detection method.[10,11] The number of
zero-crossing groups for each drop was 400. The gravita-
tional acceleration obtained from the experimental prototype
can be measured within the standard deviation of 10 µGal.
Feng simulated the NIM-3A absolute gravimeter effect under
self-vibration conditions.[12] The number of groups of time–
displacement data calculated by the zero-crossing method was
set to 700. Finally, the least-squares fitting method was used
to obtain the gravitational acceleration value. The average de-
viation of the fitted gravitational acceleration from the preset
gravitational acceleration was within 1.8 µGal. The larger de-
viations reach 367.6 µGal and 26.2 µGal when the residual
amplitudes are 5 nm and 0.3 nm, respectively. Nowadays,
most researchers select a fixed number of zero-crossing groups
N for least-squares fitting. The sampling rate is fixed through-
out the drop. However, the frequency of laser interference
fringe gradually increases with time. The data are sparse in
the early stage and dense in the late stage, which will have a
certain impact on data fitting.[13]

In this paper, the Fourier series fitting method is proposed
to find the zero-crossing points. The time interval of the falling
process is divided into five segments. The number of optimal
zero-crossing groups in each section is calculated, and then
least-squares fitting is carried out. Finally, the mean value of
the gravitational acceleration in each segment is obtained. The
method of Fourier series fitting can reduce the fitted residual
and improve the accuracy of estimated gravity. With the in-
crease of the laser interference fringe frequency, the number
of optimal zero-crossing groups will also change. The error
between the obtained gravitational acceleration and the refer-
ence value is further reduced to improve the fitting accuracy.

2. Methods
2.1. Working principle of absolute gravimeters

The working principle of laser interferometric absolute
gravimeters is shown in Fig. 1. A laser beam emitted by the
laser is divided into two beams through the beam splitter: ver-
tical upward and horizontal rightward. These two kinds of
laser beams interfere after the reflection of the free-fall mirror
and the reference mirror. An interference signal is received
by the photodetector. The time–voltage data (ti,Ui) are ob-
tained by the digital acquisition module. The falling process
is carried out in a vacuum environment. Therefore, the falling
mirror is only subject to the action of gravity. The frequency of

interference fringes increases with time as the falling speed be-
comes increasingly faster. The ideal laser interference fringe
is shown in Fig. 2.[14–16]
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Fig. 1. Working principle of laser interferometric absolute gravimeter.
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Fig. 2. Ideal laser interference fringe.

2.2. Principle of time–displacement data calculation

The basic principle of Fourier series fitting is to process
the data points obtained by the data acquisition module and
multiply the voltage values of two adjacent data points. If the
condition of Ui×Ui+1 ≤ 0 is satisfied, there must be a zero-
crossing point t0 in the period of ti to ti+1. It is known that
the zero-crossing point is within the range of [ti, ti+1]. Based
on the results of previous experiments, the first 200 points of
ti and the last 200 points of ti+1 must be selected for Fourier
series fitting. The Fourier series expansion is shown below:

f (t) = A0 +
∞

∑
n=1

[an cos(nωt)+bn sin(nωt)], (1)

where the fitted equation f (t) = 0. We then calculate the ex-
act zero-crossing point in the [ti, ti+1] interval by fixing the
zero-crossing point range and then performing a Fourier se-
ries fitting. The calculation time for the Fourier series fit-
ting is shortened, while the calculation accuracy of the zero-
crossing point is improved. According to the working prin-
ciple of the Michelson interferometer, the difference between
the two interferometric beams varies by a quarter of the laser
wavelength, which produces a zero-crossing point. The falling
distance is linearly related to the zero-crossing point tk time.
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The distance Sk that dropped at moment k is calculated accord-
ing to

Sk = (k−1)× λ

4
, (2)

where λ is the laser wavelength, and k is the zero-crossing
times. The principle of the Fourier series fitting is shown in
Fig. 3.

Laser interference
fringe signal
Fourier series
fitting curve

ti⇁

Ui⇁

Ui


ti
t

Fig. 3. Principle of the Fourier series fitting.

3. Multiplicative auto-regressive moving aver-
age model construction and optimal zero-
crossing group prediction

3.1. Calculation of instantaneous frequency of the laser in-
terference fringe signal

When the frequency of a laser interference fringe sig-
nal increases linearly with the drops, this signal is called lin-
ear modulated signal.[17,18] To find out the instantaneous fre-
quency of the laser interference fringe signal, the signal is sub-
jected to Hilbert transformation,[19] as shown below:

Ũ (t) = H {U (t)}= h(t)U (t)

=
∫

∞

−∞

U (τ)h(t− τ) dτ

=
1
π

∫
∞

−∞

U (τ)

t− τ
dτ, (3)

where Ũ (t) is the convolution of the original laser interfer-
ence fringe signal U (t), and the impulse response function
h(t) = 1/(πt). The analytical signal z(t) of the original laser
interference fringe signal U (t) is

z(t) =U (t)+ iŨ (t) . (4)

Based on the analytical signal, its instantaneous phase can
be calculated as follows:

φ (t) = tan−1
(

Ũ (t)
U (t)

)
. (5)

The phase of the analytical signal differs from the origi-
nal signal by π/2. Its positive frequency produces a shift of

−π/2, and its negative frequency produces a shift of π/2. To
find the instantaneous phase of the original laser interference
fringe signal, the following equation is used:

ϕ (t) = φ (t)−π φ (t)−φ (t−1)>
π

2
,

ϕ (t) = φ (t)+π, φ (t)−φ (t−1)<−π

2
.

(6)

The instantaneous frequency of the original laser interfer-
ence fringe signal is calculated from the phase derived from
Eq. (6). Thus, the frequency of the laser interference fringe
signal is calculated using

f = f0 + kt, (7)

where f0 is the initial frequency, and k is the changing rate
of the signal frequency. If it is necessary to obtain a fixed
frequency band in the laser interference fringe signal, the cor-
responding time period can be determined using Eq. (7).

3.2. Honey badger algorithm to acquire datasets

The honey badger algorithm[20,21] is used to find the opti-
mal solution in the solution space and to calculate the number
of optimal zero-crossing groups for a fixed frequency band.
We first initialize the number and location of the honey badger
population, as shown below:

xi = lbi + r1× (ubi− lbi) , (8)

where lbi is the minimum value of the number of zero-crossing
groups, ubi is the maximum value of the number of zero-
crossing groups, and r1 is a random number between 0 and
1. Based on the concentration of prey and the distance be-
tween the honey badger and the prey, the movement speed of
the honey badger is determined by the intensity of smell. The
smell intensity of the dense badger is shown below:

Ii = r2×
S

4πd2
i
,

S = (xi− xi+1)
2,

di = xprey− xi,

(9)

where r2 is a random number between 0 and 1, S is the prey
concentration intensity, and di represents the distance between
the prey and the current honey badger individual.

We define and update the density factor according to the
number of iterations, as shown in below:

α =C× exp
(
−t

tmax

)
, (10)

where C is a constant greater than 1 (the default value is 2),
and tmax is the maximum number of iterations.

By calculating the density factor, the new position of the
individual honey badger is updated according to whether the
random number is less than 0.5. If the random number is less
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than 0.5, the honey badger position is updated by Eq. (11).
Otherwise, the honey badger position is updated by Eq. (12).

xnew = xprey +F×β × I× xprey +F× r3×α×di

× |cos(2πr4)× [1− cos(2πr5)]| , (11)

xnew = xprey +F× r7×α×di, (12)

F =

{
1, r6 ≤ 0.5,
−1, r6 > 0.5,

(13)

where r3, r4, r5, r6, and r7 are random numbers between 0 and
1; β represents the honey badger’s ability to obtain prey (with
a default value of 6); xprey is the location of the prey; and xnew

is the new location of the honey badger. F is primarily used
to change the search direction and prevent the honey badger
from getting stuck into a local optimum.

The population fitness is calculated based on the new po-
sition of the continuously iterated honey badger population.
Thus, the global number of optimal zero-crossing groups for
the entire population is obtained. If the number of itera-
tions does not meet the termination condition, the number of
honey badger individuals, the global number of optimal zero-
crossing groups, and the minimum fitness are updated until
the condition is satisfied. Because the honey badger algorithm
takes a long time to calculate the optimal number of zero-
crossing points, it is necessary to build a mathematical model
to adapt to the actual working conditions.

3.3. Prediction model multiplicative auto-regressive mov-
ing average for the number of optimal zero-crossing
groups

The autoregressive moving average (ARMA) model is
used to predict the subsequently generated data by the pattern
of the previous data. The time series x satisfies

xt −φ1xt−1 · · ·−φpxt−p = εt −θ1εt−1 · · ·−θqεt−q, (14)

where xt is the number of optimal zero-crossing groups in the
t frequency band, [φ1,φ2, . . . ,φp] is the autoregressive coeffi-
cient, εt is the independent and identically distributed random
variable series, and [θ1,θ2,, . . . ,θp] is the moving average coef-
ficient. In addition, the appropriate model is determined by au-
tocorrelation function (ACF) and partial correlation function
(PACF). If both ACF and PACF are trailing, the time series of
x is considered to obey the ARMA (p, q) model.[22]

The number of optimal zero-crossing groups obtained
by the honey badger algorithm is used as the dataset for the
ARMA model. Because the difference in the number of opti-
mal zero-crossing groups in different frequency bands is small,
the ARMA model is selected for training, which shows that
the data change trend is not obvious. Therefore, the data of
the training model are multiplied to feature a large amplitude
change trend. Thus, the multiplicative autoregressive moving

average (MARMA) model is constructed. The Akaike infor-
mation criterion (AIC) as a measure of good or bad statistical
model fit is defined[22] as

AIC =−2ln(L)+2k, (15)

where k is the number of parameters to be estimated in the
model, and L is the likelihood function. To determine the op-
timal order of MARMA, the value of the number of optimal
zero-crossing groups is substituted to calculate the AIC to fil-
ter the most suitable order. The specific prediction model is
obtained by parameter estimation with known models and or-
ders. Finally, the number of optimal zero-crossing groups for
each frequency band is predicted based on this model.

4. Experimental results and analysis
4.1. Test platform

The NIM-3C gravimeter is an absolute gravimeter de-
veloped independently by the National Institute of Metrology
of China. It uses a laser as the light source and converts
the optical signal into an electrical signal. The laser inter-
ference fringe signal is further processed. The fall time is
obtained from the clock signal synchronized by the atomic
clock. The NIM-3C absolute gravimeter is placed in the base
gravity experiment building comparison hall for testing by
the National Institute of Metrology, Changping campus. The
absolute gravimeter hardware experimental platform is shown
in Fig. 4, in which an ion pump is used to pump out the air in
the vacuum chamber. The vacuum chamber is used to provide

Vibration sensor

Interferometer

Vacuum chamber

Supporting 
platform

Supporting leg

Ion pump

Fig. 4. Absolute gravimeter hardware experimental platform.

110401-4



Chin. Phys. B 32, 110401 (2023)

an environment for the falling object. The interferometer is
used to acquire laser interference fringes. The vibration sensor
is used to collect the vibration signals of the absolute gravime-
ter. The supporting platform and supporting legs are used to
support the vacuum cavity, ion pump, and other equipment that
do not come into direct contact with the interferometer.

4.2. Calculation of time–displacement data

The total acquisition time of each drop is 0.25 s, of which
0.06–0.16 s is the time of free fall. The data of time period
of free fall are then processed as follows. First, the voltages
measured during the free fall are multiplied by 2. The data
that satisfy Ui×Ui+1 ≤ 0 are then used to construct two new
voltage data matrices X1 and X2 and two new time matrices
t1 and t2, where X1 and t1 are the data points on the left side
of zero crossing and X2 and t2 are the data points on the right
side. The number of zero-crossing groups is set to 700. Ac-
cording to the position of the original data matrix in t2, the first
200 points and the last 200 points in t2 (i) are selected as the
time window. The data are substituted into Eq. (1) for a three-
order Fourier series fitting. Then, fi (x) corresponding to the
zero-crossing point is obtained.

In the same time window, the zero-crossing point is cal-
culated by the windowed second-difference method[5]. The
peak-valley value of the signal is 2A, and the threshold value
is set as K so that the sampling points in [−KA,KA] approach
a straight line. The sampling points in this interval are fitted
linearly to find the zero-crossing point. The fitted residuals
of the two zero-crossing points in the 100th time window are
compared in the free-fall time period. The Fourier series fitting
and the windowed second-difference method are compared, as
shown in Fig. 5. The comparison of fitted residuals of the two
methods is shown in Table 1.

Table 1. Comparison of residuals fitted by the two different zero-
crossing methods.

Index
Windowed second-difference Fourier series

method (nm) fitting method (nm)
Average 0.12 0.06

Standard deviation 0.15 0.07
Extreme difference 0.76 0.38

As shown in Fig. 5, the residuals of the Fourier series fit-
ting are within ±0.2 nm. The fitted residuals of the windowed
second-difference method are within ±0.4 nm. In terms of
the fitted residuals of the zero-crossing algorithm, the Fourier
series fitting method is more concentrated around zero, with
smaller standard deviation and more concentrated residual er-
ror. Therefore, this method is closer to the measured value and
more stable than the windowed second-difference method.

While the two-sample zero-crossing detection method is
used to interpolate the data points to the left and right of the
zero-crossing point, the improved two-sample zero-crossing

detection method is used to set a noise ceiling threshold to get
the data that satisfy the condition of Ui×Ui+1 ≤ 0. The data
points to the left and right of the zero-crossing point are then
analyzed separately to determine whether there are sampling
points between them, and the corresponding formula is used
to calculate the result. The corresponding zero-crossing points
are obtained using the two-sample zero-crossing detection,[5]

improved two-sample zero-crossing detection,[10] and Fourier
series fitting methods. From Eq. (2), the falling distance cor-
responding to the zero-crossing point is found, and thus the
gravitational acceleration g is calculated. Ten groups of laser
interference fringes are selected for calculation. The gravita-
tional acceleration g0 standardized by the National Institute of
Metrology, Changping campus, is used as the reference true
value in this paper. The error between the gravitational accel-
eration g and the reference value g0 of the three zero-crossing
methods is calculated. The Fourier series fitting method im-
proves the measurement accuracy compared with the two other
zero-crossing methods. The improvement percentage in accu-
racy is shown in Table 2.
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Fig. 5. Comparison of fitted residuals between the two methods.

Table 2. Accuracy improvement percentage of method 1 and method 2.

Group
Two-sample Improved two-sample
zero-crossing zero-crossing

detection method (%) detection method (%)
1 9.5 8.1
2 6.6 5.3
3 4.4 2.8
4 9.7 9.1
5 8.6 6.9
6 3.2 2.7
7 30.4 25.2
8 56.5 48.4
9 47.4 51.6

10 37.6 42.5

As shown in the comparison of the 10 data groups in Ta-
ble 2, the accuracy of the gravitational acceleration calculated
by the Fourier series fitting method is improved by 20.6% on
average compared to the two-sample zero-crossing detection
method. The average improvement in accuracy compared to
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the improved two-sample zero-crossing detection method is
14.1%. Therefore, the Fourier series fitting method is superior
in calculating the zero-crossing points of the drop.

4.3. Construction of the optimal zero-crossing group num-
ber dataset

Through the selected laser interference fringe data, the
distance of the falling process can be calculated. The fall
time is divided into five equal intervals to calculate the zero-
crossing points based on the Fourier series fitting method. The
time difference ∆t and the drop distance of ∆h are obtained.
The formula for the gravitational acceleration is

∆hi = v∆ti +
1
2

g∆ti, (16)

where ∆ti is the time difference, ∆hi is the falling distance cor-
responding to ∆ti, v is the falling velocity, and g is the accel-
eration of gravity. In the equation, the falling velocity and the
gravitational acceleration are unknown. Therefore, at least two
sets of data are needed to find the acceleration of gravity. The
simultaneous calculation equation of two adjacent sets of data
is given as 

∆hi = v∆ti +
1
2

g∆ti,

∆hi+1 = v∆ti+1 +
1
2

g∆ti+1.
(17)

The gravitational acceleration gi can be obtained, and g0

is the reference value. The honey badger population size is
initialized. Assume that the population consists of 100 honey
badger individuals, each of which is a one-dimensional vari-
able. The objective function of the honey badger algorithm
is set to be the sum of the absolute values of the differences
between gi and g0, as shown below:

fitness =
n−1

∑
i=1

(|gi−g0|). (18)

According to Eq. (18), by calculating and comparing the
fitness of each honey badger individual, the global optimal
solution is obtained, which is the number of optimal zero-
crossing groups in the time period. The laser interference

fringe signal is transformed by the Hilbert transformation. Ac-
cording to the instantaneous phase of the analytical signal, the
instantaneous phase and frequency of the original signal can
be calculated. The signal is divided into five segments at equal
time intervals. The instantaneous frequency range of each seg-
ment can be calculated according to the obtained frequency ex-
pression of f = f0 + kt. The number of optimal zero-crossing
groups is set for each of the five segments. The zero cross-
ing and falling distance of each frequency band is then calcu-
lated according to the number of optimal zero-crossing groups.
The generated time–displacement data are subjected to least-
squares fitting to calculate the gravitational acceleration gi of
the frequency band. Finally, the mean value ḡ is calculated
using

ḡ =
5

∑
i=1

gi/5, i = 1,2,3,4,5, (19)

where gi is the gravitational acceleration calculated for a sin-
gle frequency band, and ḡ is the final gravitational accelera-
tion value. Seven groups of laser interference fringe data are
selected. The number of optimal zero-crossing groups of the
five parts in each group of data is calculated, as shown in Ta-
ble 3. The convergence process of the first set of data accord-
ing to the honey badger algorithm iteratively searching for the
optimal zero crossing is shown in Fig. 6.
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Fig. 6. Convergence process of the honey badger algorithm.

Table 3. Number of optimal zero-crossing groups of seven sets of data.

Group
Five groups of frequency bands of the laser interference fringe signal

1 2 3 4 5
(1.15–1.76 MHz) (1.76–2.38 MHz) (2.38–2.99 MHz) (2.99–3.61 MHz) (3.61–4.23 MHz)

1 705 676 656 588 473
2 711 675 633 556 503
3 717 675 648 588 535
4 741 739 694 675 646
5 745 733 684 651 646
6 742 739 694 675 648
7 702 667 652 642 637
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4.4. Prediction of the optimal number of zero-crossing
groups based on the MARMA model

The number of optimal zero-crossing groups is used as
sequence data to build the model. The number of optimal
zero-crossing groups is then predicted to calculate the gravita-
tional acceleration of the absolute gravimeter. There are seven
groups of data in the dataset. The first four groups of data
in Table 3 are taken as the training set and data of groups 5–
7 as the testing set. Because of the small difference of the
objects involved in model fitting, the first four sets of data
are first multiplied to amplify the change pattern. The model
type is confirmed by the tailing off or truncation of the ACF
and PACF. The ACF of the number of optimal zero-crossing
groups is shown in Fig. 7. The PACF of the number of optimal
zero-crossing groups is shown in Fig. 8.
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Fig. 7. Autocorrelation function of the number of optimal zero-crossing
groups.
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Fig. 8. Partial correlation function of the number of optimal zero-
crossing groups.

Table 4. AIC values of each order model.

MARMA model (p, q) AIC
(1, 1) 9.425
(1, 2) 9.087
(2, 1) 9.065
(2, 2) 8.969

As shown in Figs. 7 and 8, the ACF and PACF are both
trailing. Therefore, the MARMA model is used to predict the

number of optimal zero-crossing groups. The AIC values are
calculated to determine the order of the model. The AIC val-
ues for each order of the model were compared, which are
shown in Table 4.

The model with the smallest AIC is selected to ensure a
simple structure and accuracy. As shown in Table 4, the AIC
is calculated for the training with the number of optimal zero-
crossing groups. When p = 2, q = 2, the AIC is minimum.
In turn, the MARMA (2, 2) model is fitted. The number of
optimal zero-crossing groups in the test is calculated by the
prediction model in the following equation:

A(z)y(t) =C (z)e(t) ,
A(z) = 1−0.3392z−1−0.6709z−2,

C (z) = 1−0.009695z−1−0.9903z−2.

(20)

The number of optimal zero-crossing groups is predicted
according to the model. The MARMA (2, 2) model predicts
the results of the number sequence, as shown in Fig. 9.
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Fig. 9. Results of the MARMA (2, 2) model prediction.

As can be seen from Fig. 9, for the model established by
the training set, the relative errors in predicting the number
of optimal zero-crossing groups from group 3 to group 7 are
0.066, 0.076, and 0.029, respectively. The number of opti-
mal zero-crossing groups calculated by the MARMA model
is used to extract the corresponding time–displacement data.
The obtained data are fitted by Fourier series, and finally, the
gravitational acceleration g is obtained. The accuracy of the
two methods listed in Table 5 is improved by different per-
centages compared with the fixed zero-crossing groups using
the two-sample zero-crossing detection method.

In Table 5, method 1 is the number of fixed zero-crossing
groups, which is 700, and method 2 is the number of optimal
zero-crossing groups, both by Fourier series fitting. As shown
in Table 5, method 1 and method 2 have different degrees of
improvement compared to the fixed zero-crossing groups by
the two-sample zero-crossing detection method.[5] The accu-
racy of method 2 is improved by more than 25% compared

110401-7



Chin. Phys. B 32, 110401 (2023)

to method 1 on average. The falling process is divided into
five frequency bands. The number of optimal zero-crossing
groups for each band is calculated by the honey badger algo-
rithm. The first four groups of data are trained in the MARMA
model to predict the optimal number of zero-crossing groups
in each frequency band. According to the last three groups
of laser interference fringe data, the number of optimal zero-
crossing groups and the fixed number of zero-crossing groups
are used for calculation. It is shown that the optimal number of
zero-crossing group method in this paper effectively improves
the accuracy of gravity.

Table 5. Percentage of accuracy improvement of the two methods.

Group Method 1 (%) Method 2 (%)
1 1.5 3.3
2 7.9 59.5
3 10.5 63
4 4.3 19.8
5 6.6 59.3
6 2.9 24.6
7 5.2 10.8

5. Conclusions and perspectives
In this study, the laser interferometric fringe signals are

obtained by the NIM-3C gravimeter. The whole falling pro-
cess is divided into five frequency bands by the Hilbert trans-
formation. The MARMA model is trained according to the
number of optimal zero-crossing groups obtained by the honey
badger algorithm. The model is used to predict the number of
optimal zero-crossing points in each band. The Fourier se-
ries fitting method is used to find out the zero-crossing points,
and thus, the corresponding time–displacement data are cal-
culated. The independent gravitational acceleration of each
frequency band is calculated by the least-squares method, and
finally the average value of the gravitational acceleration g of
each band is obtained. The Fourier series fitting method re-
duces the standard deviation of fitted residuals by 53% com-
pared with the windowed second-difference method. Com-
pared to the conventional and improved two-sample zero-
crossing detection methods, the accuracy of the gravitational
acceleration calculation is improved by 20.6% and 14.1%, re-
spectively. The instantaneous frequency of the laser interfer-
ence fringe signal increases linearly with time. The number
of zero-crossing points then changes accordingly. The number
of optimal zero-crossing groups is calculated according to the
MARMA prediction model. The gravitational acceleration of
the absolute gravimeter is calculated by the number of optimal
zero-crossing groups. The accuracy of the gravitational ac-
celeration calculated by test verification is improved by more
than 25% compared with that of the fixed number of zero-
crossing group method. Therefore, the least-squares fitting
with the fixed number of zero-crossing groups has some in-
fluence on the accuracy of the gravitational acceleration. The

number of optimal zero-crossing groups for each frequency
band can be determined by the instantaneous frequency of the
laser interference fringe, and selecting the appropriate number
of zero-crossing groups can effectively improve the measure-
ment accuracy.

It is shown that the proposed method can effectively im-
prove the accuracy of the gravitational acceleration measure-
ment. It provides a new idea to further improve the accuracy
because the optimal algorithm that is used runs slowly and the
data of the training set for constructing the prediction model
are relatively less. In the future, we will use a large amount
of training data to build a more accurate prediction model and
improve the calculation speed while ensuring the accuracy.
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[17] Křen P, Pálinkáš V, Mašika P and Val’ko M 2019 Journal of Geodesy
93 219

[18] Wu B, Zhu D, Cheng B, Wu L M, Wang K N, Wang Z Y, Shu Q, Li R,
Wang H L, Wang X L, Lin Q 2019 Opt. Express 27 11252

[19] Ravi G, Reddy S and Rao R 2017 International Journal of Signal Pro-
cessing Image Processing and Pattern Recognition. 10 139

[20] Hashim F A, Houssein E H, Hussain K, Mabrouk M S and Al-Atabany
W 2022 Mathematics and Computers in Simulation (MATCOM) 192
84

[21] Nassef A M, Houssein E H, Helmy B E and Rezk H 2022 Energy 254
124363

[22] Tang G, Yao X, Li F, Wang Y and Hu X 2022 Ocean Engineering 263
112247

110401-8

https://doi.org/10.1088/0022-3735/19/1/002
https://doi.org/10.1088/0026-1394/32/3/004
https://doi.org/10.1088/0026-1394/32/3/004
https://doi.org/10.6028/jres
https://doi.org/10.6028/jres
https://doi.org/10.1016/j.jappgeo.2022.104791
https://doi.org/10.1016/j.jappgeo.2022.104791
https://doi.org/10.1088/0026-1394/47/6/007
https://doi.org/10.1088/0026-1394/47/6/007
https://doi.org/10.1088/0026-1394/18/3/006
https://doi.org/10.1088/0026-1394/49/4/552
https://doi.org/10.1016/j.measurement.2020.108739
https://doi.org/10.1016/j.measurement.2020.108739
https://doi.org/10.1364/AO.45.008322
https://doi.org/10.1364/AO.45.008322
https://doi.org/10.3969/j.issn.0253-3782.2012.04.011
https://doi.org/10.3969/j.issn.0253-3782.2012.04.011
https://doi.org/10.5194/gi-10-113-2021
https://doi.org/10.5194/gi-10-113-2021
https://doi.org/10.1117/12.2084784
https://doi.org/10.1117/12.2084784
https://doi.org/10.1117/12.2084784
https://doi.org/10.1785/BSSA0870020484
https://doi.org/10.1785/BSSA0870020484
https://doi.org/10.3166/I2M.17.467-477
https://doi.org/10.3166/I2M.17.467-477
https://doi.org/10.1109/TIM.2021.3067185
https://doi.org/10.1109/TIM.2021.3067185
https://doi.org/10.1088/1674-1056/aba27b
https://doi.org/10.1088/1674-1056/aba27b
https://doi.org/10.1007/s00190-018-1154-y
https://doi.org/10.1007/s00190-018-1154-y
https://doi.org/10.1364/OE.27.011252
https://doi.org/10.14257/ijsip
https://doi.org/10.14257/ijsip
https://doi.org/10.1016/j.matcom.2021.08.013
https://doi.org/10.1016/j.matcom.2021.08.013
https://doi.org/10.1016/j.energy.2022.124363
https://doi.org/10.1016/j.energy.2022.124363
https://doi.org/10.1016/j.oceaneng.2022.112247
https://doi.org/10.1016/j.oceaneng.2022.112247

	1. Introduction
	2. Methods
	2.1. Working principle of absolute gravimeters
	2.2. Principle of time–displacement data calculation

	3. Multiplicative auto-regressive moving average model construction and optimal zero-crossing group prediction
	3.1. Calculation of instantaneous frequency of the laser interference fringe signal
	3.2. Honey badger algorithm to acquire datasets
	3.3. Prediction model multiplicative auto-regressive moving average for the number of optimal zero-crossing groups 

	4. Experimental results and analysis
	4.1. Test platform
	4.2. Calculation of time–displacement data
	4.3. Construction of the optimal zero-crossing group number dataset
	4.4. Prediction of the optimal number of zero-crossing groups based on the MARMA model

	5. Conclusions and perspectives
	References

