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Abstract Combining data from a Strapdown Inertial
Navigation System and a Differential Global Positioning
System (SINS/DGPS) has shown great promise in estimating
gravity on moving platforms. Previous studies on a ground-
vehicle system obtained 1-3 mGal precision with 2 km spa-
tial resolution. High-accuracy Inertial Measurement Units
(IMU) and cm-level positioning solutions are very impor-
tant in obtaining mGal-level gravity disturbance estimates.
However, these ideal configurations are not always available
or achievable. Because the noise level in the SINS/DGPS
gravimetric system generally decreases with an increase of
speed and altitude of the platform, the stringent constraints
on the IMU and GPS may be relieved in the airborne scenario.
This paper presents an investigation of one navigation-grade
and one tactical-grade IMU for the possibility of low-cost
INS/GPS airborne gravimetry. We use the data collected dur-
ing the Gravity-Lidar Study of 2006 (GLS06), which con-
tains aerogravity, GPS, and INS along the northern coastline
of the Gulf of Mexico. The gravity disturbance estimates
from the navigation-grade IMU show 0.5-3.2 mGal preci-
sion compared with the onboard gravimeter’s measurements
and better than 3 mGal precision compared with the upward
continued surface control data. Due to relatively large (240 s)
smoothing window, the results have about 34 km along-track
resolution. But the gravity estimates from the tactical-grade
IMU have much poorer precisions. Nonetheless, useful con-
tributions from the tactical-grade IMU could be extracted for
longer wavelengths.
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1 Introduction

Global Positioning System (GPS) and Inertial Navigation
System (INS) have been integrated primarily for the purpose
of navigation and precise kinematic positioning over the past
few decades. Both the accuracy and the continuity of the posi-
tioning solution are improved by combining the GPS data
(either the raw observables or the final positioning solution)
with the velocity and angular increments measured by the
IMU via various filtering techniques (Li 2007). On the other
hand, considering the inverse of the problem, Jekeli (2000)
and Schwarz (2006) developed rigorous equations for esti-
mating the full gravity vector based on the computed GPS
kinematic acceleration (twice differential of the position with
respect to time) and the IMU-measured dynamic accelera-
tion. In the airborne scenario, better than 5 mGal precision in
the down component and 6-8 mGal precision in the horizon-
tal components of the gravity disturbance with about 10 km
spatial resolution are reported by Kwon and Jekeli (2001).
In some cases, even better results are reachable (Wei and
Schwarz 1998; Bruton 2000). In a land vehicle-based sys-
tem, which encounters more disturbances and noise in both
the IMU and the GPS observables (usually the airborne sce-
narios are benign), high-resolution (half wavelength of 2 km)
gravity estimates are obtained by Li and Jekeli (2008) with
1-3 mGal down component precision and 5-9 mGal hori-
zontal precision.

These reported precisions and resolutions do not only
depend on the methods employed in the data processing, but
also largely based on the performance of the IMUs, the speed
and the altitude of the aircraft, and the quality of the position-
ing solution; see Hannah (2001) report for a detailed discus-
sion on this topic. In general, a successful high-resolution
SINS/DGPS gravimetric survey requires high-quality nav-
igation-grade IMUs, low flight altitudes, and a moderate
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velocity as well as precise (cm-level) position solution.
However, these ideal configurations may not be always avail-
able or achievable in practice. It is worthwhile to carry out
new studies to investigate the possibility of detecting grav-
ity signals with reasonable accuracies from relatively weak
(in terms of gravimetry) observation systems, especially
where the low-cost IMUs are used. Because their relatively
low prices, in practice, these low-grade IMU are more often
used for attitude determination, despite their high level of
noise. As such, even if they can only obtain good estimates
in certain frequency bands, it is still beneficial to the physical
geodesy community who desperately needs gravity data to
better understand the shape and subsurface structure of the
Earth.

For this purpose, we investigate both a navigation-grade
and a tactical-grade IMU data collected during the GLS06
campaign over the northern Gulf of Mexico, conducted
jointly with the Naval Research Laboratory. Section 2 briefly
introduces the method of SINS/DGPS vector gravimetry. The
data processing and results are given in Sect. 3. Finally, a
discussion and some conclusions are given in Sect. 4.

2 The method of INS/GPS vector gravimetry

Because the accelerometer only measures the specific forces
that are directly applied on it, such as lifting and dragging,
the gravitational force is retrievable from the total acceler-
ations that are computed from the GPS positioning solu-
tion. In a “quasi-inertial frame”, or i-frame (Jekeli 2000),
which is Earth-centered and free-falling around the Sun,
the gravitational vector of the Earth system, g’, is given by
Eq. (1):
g =X —al )
where X' is the positioning solution in the i-frame, and X'
can be computed from the GPS positioning solution X as
shown in Eq. (2):
o
= L xi :-(czx), 2
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where C! is the transformation matrix from the Earth
Center and Earth fixed frame, e-frame, to the i-frame. After
neglecting the nutation, precession, and polar motion of the
Earth, C é = R3 (—w,t), R3 is a rotation matrix around the
z-axis (see Jekeli 2000 for the specifications), w, is the rota-
tion rate of the Earth, and r denotes the Greenwich sidereal
time, relatively to the initial epoch of the flight.

The dynamic acceleration, a’, in Eq. (1) can be computed
by Eq. (3):

a' = CiCiCla, 3)
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where C¢ = R3(—A) Ry (% —¢) is the transformation
matrix from the navigation frame (North-East-Down),
n-frame, to the e-frame; C; = R3 (—a) Ra (—x) Ry (—n)
is the transformation matrix from the platform’s body frame,
b-frame, to the n-frame; R; and R, are the rotation matrices
around the x-axis and y-axis, respectively (also see Jekeli
2000 for the specifications); ¢ and A are the platform’s geo-
detic coordinates; 1, x, and « are the attitude angles (roll,
pitch, and yaw) determined from the raw observables of the
gyros (see Jekeli 2000 for the detailed computations).

Equations (1)—(3) cannot be used directly to compute
the gravitational acceleration because the noise in the INS
measurements and the errors in kinematic GPS solutions
are usually about several thousand times bigger than the
required accuracy of the gravity signal, which is on the mGal
(1073 m/s?) level. In addition to the low signal-to-noise ratio,
there are many constituents in the noise. It is not a trivial task
toremove or reduce all of them. Usually, the noise is supposed
to be a combination of random noise and systematic errors.
The former is reduced by a low-pass filter, which assumes
that high-frequency signal is noise. Though random noise
may not only reside in high frequencies and high-frequency
signal is not always noise, the low-pass filter is much more
efficient than other methods such as some ARMA (Auto-
regressive and Moving Average) models, which need very
high orders (>100) to represent the noise (Li 2007). The
systematic errors from the gyros and accelerometers are
usually estimated by predetermined models through a
sequential least squares adjustment (Li 2007) in the SINS/
DGPS dynamic system, which is equivalent to the well-
known Kalman filter technique, whose system dynamics are
shown in Eq. (4) [see Kwon and Jekeli (2001) and Jekeli
(2000) for the derivations].

b, 0 0 0 0  0][h,

b, 0 0 0 0 0f]|b,

ke |=[0 0 0o 0o 0]k,

ke 0 0 0 0 0Kk,

i | Lo ¢ o —cfey] oLy
0000 0 0]
0000 0 0
+[0000 o 0 )
0000 0 0
0000 —C||e]

where b, is the accelerometer bias, by is the gyro bias, k,
and Kk, are the scale factor errors for the accelerometers and
the gyros, C[‘; is the transformation matrix from the b-frame
to the i-frame, l/li is the orientation error, wf’b is the angular
rate of the b-frame with respect to the i-frame, the operator
[wf.’b] is a diagonal matrix with diagonal elements from w?,,
and €, is the random noise of the gyro.
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Fig. 1 The flight trajectory of the GLS2006 data

These estimated errors are then removed from the obser-
vations to yield an estimation of the gravity disturbance,
which is given by Eq. (5); see Kwon and Jekeli (2001) for
the derivations.

8g" =Crog =Cl (g —f' —y' —HQ), &)

where p' is the normal gravity in the i-frame, f' is the cen-
trifugal acceleration in the i-frame, H is the observation
matrix that is given by Eq. (6), and I:‘ is the state vector in
Eq. (4) that contains the estimated systematic errors, i.e.,

& = by by ko ke 9 1
H=[-C]0—[a]C}0—a'x], (6)
where [a] is a diagonal matrix with diagonal elements from

a,a'x isa skew-symmetric matrix (Jekeli 2000), which is
given by

0 —ag aé

iy i i

a'x =| a3 0 aj
1 1

—a; a; 0

The system dynamics described in Eq. (4) only cap-
tures the linear parts of the systematic errors. It is very
challenging to fully represent all the systematic errors
by direct modeling. To avoid the difficulties of model-
ing these systematic errors, a Monte Carlo base artificial
neural network (Li 2009) could be designed to directly
estimate the gravity disturbances. However, large amount
of control data sets are required in its training stage,
which may prevent us from having a clear understand-
ing of the performances of the IMU. Considering all these
reasons, the Kalman system described in Egs. (4)—(6)
is used in this study.

Fig. 2 The system configuration of the GLS06

3 Data processing

In the GLS06 campaign, GPS, aerogravity, and INS data
were collected over the northern Gulf of Mexico (see Fig. 1).
A GPS receiver and a LaCoste—Romberg Air—Sea gravime-
ter were onboard for obtaining positioning and gravity data,
respectively. A navigation-grade strapdown INS (IMU1) and
a tactical-grade INS (IMU2) were “originally” used for the
purpose of attitude computation (Note: the bias stability and
scale factor error of IMU1 is about 1 magnitude better than
the specifications of IMU?2). Figure 2 gives an intuitive sketch
of the instruments’ configuration in the aircraft’s body frame.
In this study, we will investigate both the IMU1 and IMU2
data for gravity determination, instead. Because the IMUs
are very close to the onboard gravimeter, this configuration
provides a very good opportunity to assess the accuracy of the
gravity data derived from the SINS/DGPS gravimetric sys-
tem. The head-to-head comparisons between the gravimeter
and the SINS/DGPS give a very clear evaluation that is not
subject to errors from interpolations or upward/downward
continuations, which are encountered in previous studies
(Jekeli and Li 2006; Li 2010).

Figure 1 shows that there are totally 27 flights in this
campaign, which generate a 10-km cross track resolution
in the survey area. Each flight has approximately 140 m/s
speed at about 11 km altitude. Except some unknown prob-
lems (probably in the operational aspects) in flights 1, 22,
and 23, all the other flights were problem-free. The onboard
GPS and IMU have 2 and 200 Hz sampling rate, respectively.
Considering the relatively long flight trajectories, multi-base
stations (both the temporary base stations in this campaign
and the nearby CORS stations) are used to obtain the best
positioning solution of the phase center of the onboard
antenna, from which the epoch by epoch position of the IMU
is derived by XiMU = X’éPs + Cf,b, where the transformation
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Fig. 3 The IMU-measured
dynamic acceleration in north
direction
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matrix (from the b-frame to the i-frame) C Ii) can be computed
from the IMU measurements, and b is a vector in the b-frame
from the GPS antenna to the center of the IMU. Thus, the
lever arm acceleration is eliminated in this study. To keep
the focus on gravity estimation, the details of the GPS data
processing are not included here.

A typical data set from flight 17 is used to illustrate
the processing schemes. First, the IMU-measured velocity
increments and angular increments are used to compute the
b-frame dynamic acceleration a, and the transformation
matrix C; in Eq. (3), respectively. Then this acceleration
is transformed into the i-frame by using Eq. (3). The IMU-
measured accelerations (transformed into n-frame for a better
view) are shown in Figs. 3, 4, and 5. It is obvious that there
are more oscillations in the tactical-grade IMU (IMU2, blue
curves in Figs. 3, 4, 5) derived accelerations than those of the
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navigation-grade IMU (IMUI, red curves in Figs. 3, 4, 5).
Moreover, there are large systematic bias jumps in IMU2
accelerations after high dynamics, such as turns. In general,
the oscillations of the blue curves in the second segment
(6,000-9,500 s) are much larger than the corresponding in
the first segment 2,000-5,500, which shows that the tactical
IMU has relatively weak long-term stability. The total kine-
matic acceleration of the aircraft in this i-frame is obtained
by taking two consecutive derivatives of the positioning solu-
tion obtained from GPS. The results are shown in Figs. 6, 7,
and 8. InFigs. 3,4, 5, 6,7, and 8, the spikes and oscillations at
the beginning and the end of the flight are removed because
the high dynamics of the aircraft in the taking off and land-
ing periods make it very difficult to accurately determine the
gravity data. The large acceleration oscillations in the middle
of these figures (Figs. 3, 4, 5, 6, 7, 8) are due to the turns of
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Fig. 5 The IMU-measured -95
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the aircraft (because it has to be parked on land; see Fig. 1).
Also no useful gravity data can be obtained in this period
of time. Thus, only the data in the middle parts are used to
estimate the gravity disturbances. As a result, for each flight,
usually, we have two parts of gravity estimates. One is from
the outbound track, and the other is from the returning track.

The magnitude of the gravity disturbances, usually in hun-
dreds of mGals, is about several thousand times smaller than
the magnitudes of the oscillation in the accelerations. The
useful gravity signal is hiding deeply in the raw observa-
tions. This is the so-called low-SNR (signal-to-noise ratio)
problem. Therefore, an efficient de-noising approach should
be employed to separate the observation noise from the real
signal. To have a more clear understanding of the noise dis-
tribution in the accelerations, a spectral analysis is applied.

4000 6000 8000
Time after 352287 seconds (GPS second)

Figures 9 and 10 show the power spectrum density (PSD) of
the GPS and the INS acceleration, respectively. It is clear that
the power distributions are very complicated in the middle-
to high-frequency bands (>10~3 Hz). For the IMU-measured
dynamic accelerations, the PSD of the navigation-grade IMU
acceleration is decreasing more quickly than the PSD of the
tactical-grade IMU acceleration in the low-frequency band
(8.2x 1075-1073 Hz), which implies that in the time domain
the former is smoother (less oscillation) than the latter.
In the middle-frequency band [1073-1070-3 Hz], the PSDs
of both these IMU-derived accelerations are very similar.
It is obvious that the power of the navigation-grade IMU
is much less than the power of the tactical-grade IMU in
the high-frequency band (107°-3-10% Hz], where the noise
is usually supposed to reside in. Experimental tests show
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Fig. 7 The GPS-derived totally
kinematic acceleration along the
y-axis of the i-frame
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that we have to use a 240s smoother to remove the random
noise before applying Eq. (4) to reduce the systematic errors.
Because of the limitations of Eq. (4) in representing the sys-
tem dynamics, usually there are left-over systematic effects in
Eq. (5). These remaining errors are removed by an end-point
matching technique, which removes the bias and trend by
comparing the gravity disturbance estimates with the upward
continued control data at both the beginning and the end of
each track; see Li (2007) for more details. The final estimates
of the gravity disturbances are shown in Fig. 11.

To assess the accuracies of these results, Fig. 11 also shows
the “control” data obtained from various sources. In the hor-
izontal component, both the local model such as DEFLEC
99 (Smith and Roman 2001) and the global model such as
EGM2008 (Pavlis et al. 2008) can be used as a reference.
However, the contribution from the curvature of the plume
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line needs to be properly handled if the former is employed.
For simplicity, the EGM2008 coefficient model is applied
to compute the horizontal component directly at the flight
height. Large discrepancies are observed between the esti-
mated horizontal components and the model predicted ones.
This shows that the north and east components estimated
from this system have poor accuracies.

The down component, which is often used in local geoid
computations, is compared to the onboard gravimeter mea-
sured values and to the upward continued surface control
data from NGS database (Wang et al. 2008). The differences
and their standard deviations are shown in the right bottom
side of Fig. 11, from which we see very good (<2 mGal)
agreements. On the other hand, the gravity disturbance esti-
mates from the tactical-grade IMU (IMU2 in Fig. 2) oscillates
around the “true” data indicated by the gravimeter with about
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15 mGal amplitude. The precision of the IMU2-measured
gravity disturbance is 7.72 and 7.85 mGal as compared to the
upward continued control data and the gravimeter’s measure-
ments. Obviously, this precision level is not acceptable for
precise geodetic applications. Therefore, the question arises
whether there are any frequency bands where the tactical-
grade IMU contribution is useful? To test this possibility, the
total energy of the errors (defined as the observed minus the
control data) in the space domain are partitioned into several
frequency bands according to Eq. (7).

2 1A &
= T5% (Z (G (G7),

ml

2N—ml+1

+ D (G, (G’;)n), @)

2N—m2+1

[s7Df?]

Frequency (Hz)

where T is the total length of the track (208.46 km), At is
the sampling interval (140 m), 2N is the total number of the
sampling points, G is the bias-free Fourier transform of the
gravity disturbance error estimates, F'1 and F2 are the fre-
quency boundaries,m1 = F1-2NAt,andm2 = F2-2N At;
see Li and Jekeli (2006) for more details.

The standard deviations (ST D ;12) of the error in the cor-
responding frequency band [F1 — F2] is given in Table 1,
which shows that in the long wave length (>125 km), we
can still obtain less than 3 mGal precisions from the tacti-
cal-grade IMU. Figure 11 only shows the outbound part of
flight 17. In the returning track, the oscillations of the tactical-
grade IMU-estimated gravity data are up to several hundred
m@Gals, primarily because the relatively large oscillations in
the IMU2-measured accelerations; see the second segment
of the blue curve in Figs. 3, 4, and 5.
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Fig. 11 The estimated gravity disturbances and their comparisons
(In the horizontal components, the estimates are compared with
EGMOS. In the down component, the estimates are compared with
both the upward continued control and the onboard gravimeter. The

Table 1 The precisions of the gravity disturbance derived from the
tactical-grade INS in the frequency domain

F1 F2 IMU2/DGPS- IMU2/DGPS-
(cycle/km) (cycle/km) UPC (mGal) gravimeter (mGal)
0.00 T 0.00 0.00

T 17125 2.29 2.59

1/125 1/100 4.01 4.14

1/100 1/75 0.00 0.00

1/75 1/50 5.13 5.09

1/50 1725 3.36 3.36

1725 1/10 0.67 0.71

1/10 1/f, 0.29 0.34

1/00 1/f, 7.72 7.85

fn Nyquist frequency

Following the same procedure, all the other successful
flights in Fig. 1 are processed. Figure 12 shows the statis-
tics of the differences between the down component of the
navigation-grade IMU and the upward continued control as
well as the gravimeter measured data at exactly the same
position. Compared with the upward continued control, all
the statistics have better than 3 mGal precision, except the
returning track of flight 18 whose precision is 3.766 mGal.
Notice that because the control data are used in the end-point
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corresponding differences are shown in the right bottom panel. To save
space, this plot only shows the results from the outbound track of this
flight. The horizontal components gravity estimates from IMU2 are not
included because large oscillations in the order of 1,000 mGal.)

matching step, there is no bias left in the estimates. Compared
with the onboard gravimeter’s measurements, the precision
also shows very good (<3.2 mGal) agreement in most of the
time, except only one case (outbound track of flight 21 where
the upward continued control also has large differences with
the gravimeter’s output). The SINS/DGPS-derived gravity
signals are clearly precise and could be valuable for geoid
computations.

4 Discussions and conclusions

Two grades of IMU are used in the strapdown INS/DGPS
gravimetric system in an airborne scenario. The acceleration
data computed from both of the IMUs have large oscilla-
tions. In addition, there are noticeable systematic jumps in the
tactical-grade IMU-measured accelerations. Spectral analy-
sis shows that the noise is primarily residing in the middle-
to high-frequency band. A relatively large (240 s) smoother
window is applied to reduce the noise. The systematic errors
of the IMU are estimated by using the modified Kalman Filter
(Kwon and Jekeli 2001). The left over trend and bias in the
gravity disturbance estimates are removed by using the end-
point matching method. The 27 flights of the GLS06 cam-
paign yield 44 successful gravity profiles. Except only one
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Fig. 12 The statistics of the differences between the down component
of the navigation-grade IMU and the upward continued control as well
as the gravimeter measured data at exactly the same position

profile out of the total 44 tracks, the system derived down
component gravity disturbances from the navigation-grade
IMU have better than 3 mGal precision agreement with the
upward continued control data. Compared with the onboard
gravimeter, the precision ranges from 0.5 to 3.2 mGal.
The precision is very close to the claimed precision range
(1-2 mGal) of the gravimeter. However, the low-grade IMU
only provides good (std < 3 mGal) estimates in longer (125—
208 km) wavelength. Even though the aircraft’s high altitude
(11 km) and fast speed (140 m/s) provide a relatively stable
environment, a large (240 s) smoothing window has to be
applied to yield these results. Consequently, the gravity esti-
mates have an averaged 34 km along-track resolution, which
is coarser than the designed 10 km spatial resolution. Unlike
the gravimeter, which only provides the down component
gravity disturbance, the SINS/DGPS system also offers the
horizontal components of the gravity disturbances. However,
the results show large differences from the model predicted

values. Other techniques such as the neural network (Li 2009)
may be applied to yield better results. Though not mentioned
too much on the GPS part in this study, the extremely long
baselines also cause detrimental effects on the precision of
the gravity disturbance estimates.
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