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Abstract—The Earth’s gravity field is complex and vari-
able. Performance evaluation of gravimeters requires gravity
fields with well-known absolute gravity values. The aim of
this study is to utilize an in-house developed cold atom
gravimeter (CAG-E) in conjunction with CG-5 to establish a
comprehensive test field consisting of 13 gravity datums at
different altitudes. This absolute gravity field can be used for
testing multiple relative gravimeters at the same time. The
additional theoretical model calculations of this test field can
provide a reference for gravity values at different heights, and
a 3-D test field can be constructed in the future. In addition,
a detailed performance evaluation of CAG-E was performed
where the accuracy of the instrument repeatability was found
to be 4.8 µGal. Finally, a correction of the geological density of the mountain was carried out using the absolute gravity
values, and a minimum gravity difference residual of 0.9 µGal was obtained. These results verify the reliability of this test
field for relative gravimeters.

Index Terms— Cold atom gravimeters (CAGs-E), measurement accuracy, testing field for relative gravimeters.

I. INTRODUCTION

THE advancement of various sensor technologies has sig-
nificantly impacted biomedical applications [1], magnetic

field measurements [2], [3], and precision measurements [4],
[5], [6]. Gravity sensors, in particular, find utility in the field
of gravity measurements. The precise measurements of gravity
play a crucial role in several fields, including metrology,
geophysics, and geodesy. Today, gravimeters are classified
into two categories: relative and absolute gravimeters. The
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Scintrex CG-5 series and the superconducting gravimeters are
examples of relative gravimeters, while the atom gravime-
ters belong to the absolute gravimeter category. Since the
advent of atom interferometry in the laboratory in 1991 [7],
atom gravimeters have been employed in numerous scientific
studies, providing invaluable insights into areas such as the
exact measurement of the fine structure constant (α) [8],
the rotation angular velocity [9], gravitational waves [10],
and gravity acceleration [11]. Among others, the exceptional
capabilities of atom gravimeters have been well-established
and documented in various works [12], [13], [14]. With the
development of cold atom gravimeters (CAGs-E), they are
not only used in laboratories, but in recent years have been
gradually used in outdoor environments. For instance, a CAG
can reach a sensitivity as good as 5.5 µGal at 1 s in the urban
environment [15], a truck-borne system based on CAG was
tested with an internal coincidence accuracy of 35.4 µGal and
an external coincidence accuracy of 76.7 µGal [16].

Relative gravimeters are susceptible to various sources of
errors, such as temperature fluctuations, tilt, long-term drift,
and more [17], [18]. The Scintrex CG-3M and CG-5 must be
calibrated based on gravity intervals [19], and multiple gravity
measurements are often taken to mitigate drifts [20]. The
Scintrex CG-5 relative gravimeters are generally calibrated
by measuring on a baseline consisting of an absolute gravity
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datum to obtain an absolute gravity value or by determining
the difference in the relative gravity segments between points.
Usually, the linear and secondary drifts and scale factors
are required to calibrate the relative gravimeters, especially
in case multiple ones are used. The zero-drift rate of CG-5
is usually obtained as an instrumental parameter during the
leveling calculation, in which the observation data are seg-
mented according to the closed observation time of each line,
and the leveling is performed by segment to calculate the
zero-drift rate of each time segment. However, the zero-drift
rate is affected by the observation environment and has higher
requirements for the grid coefficient. The accuracy of the
scale factor is related to its calibration method, which requires
an absolute gravity point as a reference with the measured
data. The prerequisite is the need for a good evaluation of
the absolute gravimeters and correction for environmentally
induced noise and systematic errors [21], [22]. Absolute
gravimeters, such as the FG-5 series, are commonly used
to calibrate relative gravimeters because of their estimated
instrumental accuracy of about 2 µGal achieved through
optical interferometry and an atom clock [23]. However, these
absolute gravimeters have limitations, including susceptibility
to mechanical wear and tear [24], [25], which restrict their
suitability for continuous gravimetry, and a lower sampling
rate compared to atom gravimeters. Therefore, absolute gravity
values using the CAGs are reliable for providing comparisons
and tests for the relative gravimeters. The calibration line
established by Cheraghi et al. [26] covers a long distance of
2200 km and has been used for relative gravimeter calibrations
for 12 years, where the gravity range is about 1200 mGal.
The calibration coefficient of the relative gravimeters could
be determined with an accuracy of about 40 ppm. However,
repeated measurements of CG-3M and CG-5 showed that the
gravity values of many stations have changed in time due to
tectonic movements, land subsidence, and water depletion. For
comparison, Onizawa [28] conduces the calibration line for
the Scintrex CG-5 gravimeter with a gravity range of about
1400 mGal using the absolute gravity stations of the Japan
Gravity Standardization. The scale factor can be corrected by
introducing a gravity reading-dependent scale factor in this
article and the scale factors varied by 1500 ppm in a range
from 0.9991 to 1.0006. Such a large range is intended to cover
the gravity range over which gravimeters normally operate so
that the scale factors valid over the entire operating range can
be calculated. However, such calibration lines are long and
require a significant amount of time for measurements. In this
article, we have established a test line, where the gravity range
coverage is slightly less than 1.3 mGal. While the test line
does not cover the entire gravity range of relative gravimeters,
its shorter line allows for quicker measurements and yield
more accurate relative gravity values. In addition, this test line
can be used to test or compare the performance of relative
gravimeters.

This article introduces a methodology for testing relative
gravimeters, employing a CAG-E [29], [30], [31], [32], [33],
[34] in conjunction with a CG-5 to establish an absolute
gravity field in Laohe Mountain Cave, Hangzhou, China. The
test line is short and situated within a tranquil cave, situated

Fig. 1. CAG-E measurement system.

far away from human activities. This remote location ensures
optimal testing performance, as it minimizes vibration noises
and provides a stable measurement environment. Besides,
a Polyhedral model is used to obtain not only the theoretical
gravity values for each site but also the gravity gradient values
on this line. Actually, the accurate modeling of the mountain
could be helpful for providing an independent set of theoretical
gravity values for the whole cave space for comparison, which
may be useful for testing and comparisons of several relative
gravimeters at the same time and location. Therefore, the
application of CAG-E and mountain modeling in this study
for the development of a test line presents distinct benefits in
an academic context.

II. DATA

A. Experimental Setup of CAG-E
Fig. 1 shows the CAG-E instrument with its three integral

components: a gravity sensor, an optical system, and an
electronic system, housed within two cabinets. In order to
make the CAG-E perform well in caves, we have adopted
a miniaturize vacuum sensor, a more compact and robust
optical path with a stable support structure. The gravity sensor
is surrounded by a magnetic field shield with a diameter
of 52 cm and height of 55 cm, and the weight of gravity
sensor is about 70 kg [31], [35]. With the 2-D and 3-D
quartz vacuum chambers, an atomic loading rate of 8 × 109/s
is achieved, enabling successful trapping of 87Rb for grav-
ity measurement [36]. The microwave antenna for atomic
state selection is integrated above the 3-D Magneto-Optical
Trap (3D-MOT) chamber [37], [38]. The detection region is
under the 3D-MOT chamber, and a fluorescence collecting
system is located at the same height. In the experiment, the
optical system provided laser beams of different frequencies.
The system features a compact and resilient optical path,
minimizing reliance on spring structure and incorporating a
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Fig. 2. Schematic of the CAG-E.

supplementary temperature control system, the stability of
controlled temperature is less than 0.1 ◦C [16]. The electronic
control systems are centralized in a 10 U control cabinet,
weighing 90 kg and consuming 150 W of power, which
consists of a data acquisition card, acousto-optic modulator
(AOM) drivers [39], [40], magnetic field drivers, power supply
module, frequency chain module [41], etc. Additionally, the
CAG-E measurement system is equipped with an integrated
tilt meter in the gravity sensor to calibrate its perpendicular
position. The degrees of the inclinometer need to be calibrated
prior to the measurement, which enables the adjustment of the
µrad accuracy. The CAG-E was positioned in an arched cavern
powered by an uninterruptible power supply (UPS) during
the measurement period, and the surrounding environment’s
humidity was controlled using a dehumidifier. Upon leveling,
the CAG-E initiates gravity data measurement and utilizes the
computer for data acquisition and processing, which has a
sampling rate of 2 Hz.

The schematic of CAG-E is depicted in Fig. 2. The 87Rb
atoms are loaded via the 2D-MOT and 3D-MOT and held in
place by six laser beams. Upon switching off the magnetic
field, the laser beams undergo a detuning process that imparts
a polarization gradient to the rubidium atoms, reducing its
temperature to be about 4 µK. Then the atoms drop freely due
to gravity. The process from capturing atoms to releasing them
is the preparation process of cold atoms, which ensures the
coherence of atoms and lasts approximately 300 ms. After the
atoms fall for a few milliseconds, through microwave state
selection and Raman velocity selection, atoms with a narrow
velocity distribution and guided to the F = 2, m F = 0
state. Comprising three Raman pulses π/2, π, π/2 with a
pulse duration of 10 µs and an interval of T = 55 ms,
the sequence performs atom interferometry. Finally, a pair
of counter-propagating detecting laser beams illuminates on
the falling atoms. The fluorescence is collected by the flu-
orescence collecting system. We adopt a method of time of
flight (TOF) to evaluate the number and the temperature of
atoms. Utilizing a normalized detection method, the signal
P = P0 + C cos(1ϕ) implies the correlation between the final
interference phase 1ϕ and the transition probability P , where
P0, C , and 1ϕ signify the offset, fringe contrast, and the phase

Fig. 3. Location of the test line. (a) Selection of measuring locations in
satellite maps. (b) Three-dimensional terrain of the survey area, with the
entrance to the cave marked by a five-pointed star.

Fig. 4. Measurement devices and selection of the test line.
(a) Schematic of CAG-E in the cave. (b) Contour map of the survey
area’s terrain (BJ54 coordinate system).

of interference fringes, respectively, 1ϕ = (k⃗eff · g⃗ − α)T 2,
with k⃗eff denoting the effective wave vector of Raman beam,
α being the chirp rate of the Raman pulse, and g⃗ being
the gravitational acceleration. The fringe pattern, in turn,
conveys the gravitational acceleration information, extracted
by scanning α.

B. Selection of the Test Line
Embarking on a quest for accuracy, a remote and secluded

cavity within the rugged Laohe Mountain, located in the heart
of Hangzhou City in the province of Zhejiang, was chosen as
the ideal site for conducting a gravity test field experiment.
The pentagram in Fig. 3(a) and (b) denotes the entrance
of the cave. In order to reduce the impact of human-generated
vibrations, the site was chosen in a cave, and a route along
the mountain served as the survey line. The width of cavern c
is 1.5 m, and the maximum height between the ground and
the top of the cave was 3.04 m, which is denoted by b. The
height of the cave arch is 0.48 m, which is denoted by a in
Fig. 4(a). The topographic calibration was established using
13 strategically placed measurement points, with an altitude
difference of 2 m. Despite the uneven distribution of terrain,
the measurement sites, spaced at intervals of 4.70 m apart
(1–10) and 3.60, 5.40, and 5.00 m apart (11–13), respectively,
as illustrated in Fig. 4(b), were chosen with utmost care.
Additionally, in order to reduce the gravity values determined
at the measurement height of the CAG-E to the ground or
the measurement height of the relative gravimeters, it was
deemed necessary to capture the gravity gradient information
of the cave. In addition, the contribution of ground vibration
noise from the cave to the gravimeter was assessed, and
the gravity measurement sensitivity caused by the vibration
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noises has been estimated to be 108.8 µGal/Hz1/2 during the
daytime and 72.1 µGal/Hz1/2 at night, which means that the
position is suitable for field measurements.

C. Absolute Gravity Measurements With CAG-E
We use CAG-E to conduct absolute gravity measurements

sequentially from the deepest of the cave as the starting point
and to the cave entrance as the endpoint. First, we perform tilt
modulation experiments to find the true vertical direction of
the gravity sensor, and the verticality of the gravity sensor can
eventually be adjusted by a specific value of the inclinome-
ter [42]. Then, each site is measured for a duration of 1 h,
resulting in 7200 gravity values from which the final gravity
value for the location is calculated. With the aim of deter-
mining the repeatability of the instrument, the measurement
trajectory followed a closed-loop pattern, starting from site 1
and proceeding to site 13, then reversing back to site 1.

The accuracy of instrument repeatability σ of CAG-E was
calculated using the following equation:

σ =

√√√√1
n

n∑
n=1

[
gn1 −

(
gn1 + gn2

2

)]2

(1)

where n is the number of measurement sites; gni (i = 1, 2)

denotes one of the two gravity measurement values at a
specific site, n.

D. Relative Gravity Measurements With CG-5
For the relative gravity values, in addition to using CAG-E,

we also utilized CG-5 as a comparative experiment. After
leveling the CG-5, we record three readings during one setup,
and the average of the three readings is used as the relative
gravity values of this setup. The measurement sequence is
from sites 1 to 13 and then back, a total of three round trips and
six measurements for sites 2–12, 5 measurements for sites 1
and 4 measurements for site 13. The uncertainty of CG-5 is
10.7 µGal.

To further shed light on the gravity landscape of the
13 points under scrutiny, the authors leveraged the power of
CG-5 relative gravimeters by carrying out the measurements
of gravity gradients at these points, as depicted in Fig. 5(a).
In this setup, the CG-5 instrument was strategically placed on
a stand at four different heights, including these points on the
ground, with each incrementing 50.7 cm from the previous
level. At the ground level, the effective height of CG-5 is
about 17.47 cm above the ground. The measurement approach
is illustrated in Fig. 5(b), where the abscissa represents the
level of the horizontal ground, and the ordinate signifies the
height of the internal sensor of CG-5 from the ground. At each
measuring point, CG-5 is positioned sequentially in numerical
order at varying heights for measurement purposes.

However, the CG-5 is affected by the built-in spring, so drift
correction is required. At first, we used the software of
MATLAB to load the relative gravity values and time of CG-5
and extract them by measurement site serial numbers. The first
site was used as the reference point in the experiment and
a linear fitting was used to relate the relative gravity values

Fig. 5. Measurement process of gravity gradient in the cave.
(a) Illustrating the measurement of gravity gradient using CG-5. (b) Way
CG-5 measures gravity gradients.

over time. Thus, we can get the drift-corrected relative gravity
values for each measurement site at different moments in time.
Finally, we averaged the corrected relative values at different
moments for each site as the relative gravity value for CG-5
at that site.

III. MODELING

Firstly, a high accuracy digital elevation model (DEM)
model is employed for the purpose of engineering a topograph-
ical depiction of the measurement region, which is resolved
with a resolution of 1 m. Subsequently, using the uniform
Polyhedron model, based on the coordinate data and surround-
ing terrain data, the relative gravity values and gravity gradient
values of the measuring points are obtained. The mountain
modeling with measurement points is shown in Fig. 6. The
x–y–z coordinates are the geological length, width, and height
of the cave model in the BJ54 coordinate system.

In the process of calculating the relative gravity values with
the Polyhedron model, the volumetric integration present in
the 3-D potential field undergoes a transformation into surface
area integration, which is presented using a planar triangle
to accommodate a curved surface. The gravitational impact
provoked by the polyhedron is illustrated by the following
equation:

gpoly = Gρ

∫ ∫ ∫
V

∂

∂ Z

(
1
r

)
dv (2)

where G represents the universalgravitational constant,
ρ stands for the average density of the polyhedron, r represents
the distance between the calculation point and the volume
element dv, while z denotes the vertical component of r .
Utilizing Gauss’ divergence theorem, this is then transformed
into surface area integration, where the sum of multiple trian-
gular surfaces S j (j = 1, 2, . . . , m) can be expressed as [43]

g = Gρ

m∑
j=1

[
cos(n j , z)

∫ ∫
S j

1
r

ds

]
(3)

where cos(n j , z) is a constant that defines the outward normal
of the surface with respect to the z-axis. Finally, a new
Cartesian coordinate system is defined, where the z-direction
coincides with the outward normal direction of S j , and the
surface area integration is transformed into a line integral to
obtain the results.



9540 IEEE SENSORS JOURNAL, VOL. 24, NO. 7, 1 APRIL 2024

Fig. 6. Simulation of mountain shape with a Polyhedral model.

It is worth noting that these values need to be juxtaposed
with the fluctuations in the gravity segment difference
values of CAG-E and CG-5 to verify the credibility of the
Polyhedral forward modeling and parameter settings. Since the
two instruments have disparate probe measurement heights,
in order to garner precise absolute gravity values at the ground
level, gravity gradient measurements are undertaken with
CG-5 before the gravity data of the two sets of measurements
can be rectified to a similar height at the same measuring site.

IV. RESULTS

A. Absolute Gravity Values Measured by CAG-E
Atom interference fringes are obtained by varying the

chirp rate α. Interference fringes are measured with different
intervals T . These fringes have a common constant chirp rate,
α0, that corresponds to the valley of dark fringes. α0 contains
information on the absolute gravity values, and the gravity
value is calculated by data processing. For ease of represen-
tation and comparison, we subtract the constant g0 from the
values corrected for systematic error and noise assessment,
which is used to denote 1g. The uncertainty of CAG-E is
typically 8.9 µGal. The 1g values and uncertainties are shown
in Fig. 7.

At the beginning of the measurement, the systematic errors
and the measurement noises have been estimated and will be
checked frequently during the measurements. The effects of
laser frequency, RF phase shift, two-photon light shift, Coriolis
force, and gravity gradient were mainly evaluated for system-
atic errors. The Type A uncertainties of 3.4 µGal is obtained
for the measurements, and the Type B uncertainty is 8.2 µGal.
Thus, the typical uncertainty of the CAG-E is 8.9 µGal.

B. Instrument Repeatability of the CAG-E
The result of the repeatability of CAG-E is shown in Fig. 8.

In Fig. 8(a) the black squares indicate fixed-site measurements

Fig. 7. Gravity values ∆g of the measurement sites 1–13 reference to
a constant absolute gravity value of g0.

Fig. 8. Instrument repeatability of CAG-E. (a) Gravity values measured
by CAG-E. (b) Residuals between two measurements.

from 1 to 13, while the red dots denote the measurements
made from 13 to 1. To aid visualization, each measurement site
number is included. The residuals of the two measurements
are shown in Fig. 8(b). Notably, the values after subtracting
an identical constant value of g0 at each site are shown in
Table I. The accuracy of instrument repeatability is obtained
with (1) as 4.8 µGal.

C. Comparison Between Relative Values
In addition, the relative gravity values obtained with

CG-5 were compared with CAG-E, as shown in Fig. 9.
Fig. 9(a) represents the relative gravity difference between the
nth (n = 2, 3, . . . , 13) site and the 1st site, which considers
site 1 as a reference. Fig. 9(b) represents the residuals of the
CG-5 and CAG-E gravity values differences. The residuals of
the relative gravity values of CG-5 and CAG-E range from
−30.2 to 7.2 µGal and the average of residuals is −7.9 µGal.
The values and residuals of relative gravity are as shown in
Table II, where the CAG-E values in Table II are the average
values for each site from Table I and are corrected to the height
of the CG-5 measurements using the gravity gradients.
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TABLE I
GRAVITY VALUES AND THE RESIDUAL VALUES OF 13 MEASURED

SITES FOR TWO ABSOLUTE MEASUREMENTS WITH CAG-E

Fig. 9. Relative gravity values of sites 2nd–13th with reference to site
1st with CG-5 and CAG-E. (a) Values in gravity measurements between
the 2nd–13th sites and the first site was measured utilizing CAG-E and
CG-5, respectively. (b) Residuals of readings of two instruments.

TABLE II
RELATIVE GRAVITY VALUES OF SITES 2nd–13th WITH REFERENCE

TO SITE 1st WITH CG-5 AND CAG-E

In addition, this article provides an independent set of
theoretical values of relative gravity for comparison. The
relative gravity values with reference to site 1 calculated

Fig. 10. Relative gravity values of the modified Polyhedral model
and the actual gravity values measured with CG-5 and CAG-E.
(a) Comparison of relative gravity values obtained with CAG-E, CG-5,
and Polyhedral model, which between the 2nd through 13th sites and
the first site. (b) Residuals of readings of three comparisons.

Fig. 11. Comparison of gravity gradients obtained using CG-5 and
Polyhedral model (red hexagon represents theoretical gravity gradient
value by Polyhedral model, while blue pentagon indicates gravity gradi-
ent value measured by CG-5).

with the Polyhedral model are compared with CAG-E and
CG-5 as shown in Fig. 10(a). The blue triangles signify the
relative gravity value differences obtained by applying the
Polyhedral model, while the gray squares and the red dots
represent the value differences acquired through the utilization
of CG-5 and CAG-E. The black dots represent the residuals
between the modeling value differences and CG-5 measured
value differences, and the residuals span a range from 2.4 to
397.7 µGal. The pink dots represent the residuals between
the theoretical calculation value differences and the CAG-E
measurement value differences, with differences ranging from
12.5 to 427.9 µGal, which can be seen in Fig. 10(b), with an
average rock density of 2.6 × 103 kg/m3. The modeled values
and the relative gravity differences measured by CAG-E do not
match well. The explanation could be the density distribution
of mountains has large uncertainty and inhomogeneity, in the
case of unknown mountain density distribution.

The resulting distribution of the measured gradient values
is depicted in Fig. 11, revealing that the gradient values in the
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Fig. 12. Relative gravity values of the modified Polyhedral model
and the actual gravity values measured with CG-5 and CAG-E.
(a) Comparison of relative gravity values obtained with CAG-E, CG-5,
and the Polyhedral model, between the 2nd through 13th sites and the
1st site. (b) Residuals of readings of comparisons.

center of the cave exhibit a greater magnitude compared to
the two extremities of the cave. This observation may be the
result of a gravity anomaly brought about by the inhomoge-
neous density structure of the area. Further to the comparison
between the Polyhedral model and CG-5 measurements, the
predominant causes for the dissimilarities observed between
the theoretical and experimental outcomes are as follows: mea-
surement errors associated with the instruments, inadequate
accuracy in the elevation data of the measurement zone, the
nonhomogeneous density of the encasing rocks around the
measurement points, and the indeterminable authentic density.
The forward data incurred inaccuracies as a result of the
Polyhedral model’s supposition of uniform density distribution
across the entire mass of the terrain. Moreover, the forward
process disregarded the impact of the cave itself. Subsequently,
the accuracy of the gravity gradient can be further improved
by adding more measurement points, and the effect of uneven
density distribution on the gravity gradient can be assessed by
drilling holes around the mountain to measure the density of
the rock at different depths.

Based on the residuals of the Polyhedral model and the
CAG-E, we corrected the density of the mountain and got
the results as shown in Fig. 12, using the corrected density.
The calculated values with the theoretical model are in good
agreement with that of CAG-E. The minimum residual error
is 0.9 µGal and the maximum is 96.9 µGal.

V. CONCLUSION

With the purpose of establishing a comprehensive absolute
gravity testing field for relative gravimeters, this study utilizes
the CAG-E for conducting absolute gravity measurements
at 13 distinct sites. A meticulous evaluation of the CAG-E
was performed, including the determination of the instru-
ment repeatability, which was determined to be 4.8 µGal.
Furthermore, the theoretical models for relative gravity value
differences were employed and compared to the CAG-E grav-
ity value differences, resulting in an agreement that varied
between a maximum residual of 427.9 µGal to a minimum of
12.5 µGal, while the geological density is 2.6 × 103 kg/m3.

The density of the mountain was corrected with the absolute
gravity values measured with CAG-E leading to congruent
results, with a residual range from 0.9 to 96.9 µGal. Despite
these findings that suggest the absolute gravity field provides
robust data for the testing and comparisons of relative gravime-
ters, there is still scope for improvement.

The theoretical model adapted in this article uses a constant
density, but the deep geological distribution is uneven in
the actual situation. Therefore, it is necessary to evaluate
the impact on different geological layers for the theoretical
model in the future. For example, boreholes can be selected at
different locations around the mountain to measure the geo-
logical density at different depths and optimize the theoretical
algorithms. In addition, the CAG-E used in the measurement
can be improved in terms of sensitivity by increasing the length
of the interference zone.
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