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Abstract. Gravimetry from a combination of INS
and GPS measurements is well known and investi-
gated since several years. The main application is
in the field of airborne gravimetry, where the results
can be used to fill the spectral gap between space-
borne gravity field data (from satellite missions such
as CHAMP, GRACE or GOCE) and terrestrial data
available from regional or continental gravity net-
works. Our intention is to study in detail the be-
haviour of such an INS/GPS instrumentation, the ap-
plied signal processing techniques and the derived
signal.

As a first step, a ground based INS/GPS sur-
vey was carried out, where the results can directly
be compared to terrestrial data without any need of
downward continuation. Also the spatial resolution
of such a terrestrial experiment is higher, than for
airborne gravimetry, due to a much smaller vehi-
cle velocity. The experiment was carried out by
car in a test area in the Bavarian Alps. This area
was set up several years ago in order to investigate
in detail the gravity field in mountainous regions.
Since about 10 years a huge number of gravity values
was determined, leading to a point density of about
2.5 points/km2. Therefore the region was chosen as
testbed for our inertial measurement campaign.

The first results presented in this paper show, that
our navigation grade inertial measurement unit is
well suited to derive gravity values with an accuracy
of a few mGal. Still, problems with the GPS visibil-
ity and the accuracy of the kinematic accelerations
are an obstacle for precise determination of gravity
disturbances along the trajectory.
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1 Introduction

A combination of GPS measurements and data from
an inertial measurement unit (IMU) is capable of
gravity determination in kinematic mode. Thereby
the kinematic accelerations derived from GPS posi-

tions are subtracted from the dynamic accelerations
measured by the IMU (containing gravity and vehi-
cle motion). This principle is investigated since sev-
eral years by different groups, see e.g. Schwarz and
Wei (1990), Kwon and Jekeli (2001) or Bastos et
al. (2001). Our intention is to experiment with the
methodology and test different algorithms in prepa-
ration for future airborne gravimetry missions. This
paper shows results from the first gravimetry experi-
ment conducted with our navigation grade IMU in a
car mission.

The survey was carried out in the Estergebirge re-
gion (northern border of the Alps). In this area a
dense gravity network was set up by the Institut of
Astronomical and Physical Geodesy of Technische
Universität München (Munich, Germany) for gravity
field modelling in mountainous regions (see Flury,
2002). Figure 1 shows a digital terrain model of
the test area and the location of gravity points as
well as the trajectory of the present INS/GPS ex-
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Fig. 1. Test area around Estergebirge mountains; trajectory
(white solid line), gravity reference points (white dots) and
SAPOS GPS base station (black cross).



periment. The density of gravity field information
in Estergebirge is about 2.5 points/km2. In addi-
tion there are about 40 stations with measured de-
flections of the vertical and about 200 km of level-
ing lines in and around Estergebirge. The Esterge-
birge covers an area of about 15 × 15 km2, while
the driven trajectory reaches further to the north and
covers about 15 × 25 km2. Due to the dense cov-
erage with gravity field information the Estergebirge
region is considered an adequate testbed for our iner-
tial gravimetry experiments (both terrestrial as well
as future airborne missions). The driven trajectory
has a length of about 80 km showing altitude varia-
tions between 640–970 m and 80 mGal differences
in gravity respectively 40 mGal in gravity distur-
bance. The maximum speed of the vehicle was about
15 m/s or 54 km/h. About every 5 minutes a stop
was taken for use as zero velocity update (ZUPT),
allowing to correct for the drifts inherent in the iner-
tial sensors (accelerometers and gyros). After an ini-
tial alignment phase of about 30 minutes 55 ZUPTs
were taken along the trajectory. For validation of the
measured accelerations in static mode (see sections
3.3 and 3.4) the ZUPTs were either taken at exist-
ing gravity stations or gravity was measured next to
the car using a Scintrex gravimeter. For validation
of the measurements in kinematic mode, gravity dis-
turbances were estimated along the whole trajectory
using least-squares prediction.

In the following sections the instrumentation and
computational methodology will be presented as well
as the first results of the car mission.

2 Instrumentation

This section gives a short overview on the IMU and
GPS instrumentation. Both sensors were mounted on
top of the car. For the GPS antenna a ground plate
was used to prevent from multipath effects. The IMU
was enclosed in a plastic box to shield it from wind
and rain. The box also acts as a thermal isolation.

2.1 IMU instrumentation

The IMU used in the experiment is a strapdown nav-
igation grade unit of type iNAV-RQH. It contains
three QA2000 accelerometers and three GG1320
ring laser gyroscopes (all manufactured by Honey-
well). The maximum output rate of the IMU is
500 Hz, which actually was used in the present ex-
periment. Table 1 gives the noise level and resolution
of both sensor types. More details on the IMU sen-
sor technology can be found in Dorobantu and Ger-
lach (2004). The unit is not temperature stabilized,

Table 1. Sensor characteristics of GG1320 laser gyroscopes
and QA2000 accelerometers.

GG1320 QA2000

resolution 1.13 arcsec 0.2 µg
noise 0.0018 deg/

√

h 8 µg/
√

Hz

but the temperature is measured and the data is cor-
rected before output. In case of the accelerometers a
polynomial of fourth order is used, where the poly-
nomial coefficients were determined by the manufac-
turer. In an earlier static measurement deficiencies
of these calibration parameters were found for the
vertical accelerometer and a correction to the poly-
nomial coefficient of first order was estimated. This
additional correction was applied to the data of the
present experiment as well.

2.2 GPS instrumentation

The kinematic positions of the car are determined
by differential GPS. The mobile receiver on top of
the car was a Trimble 4000SSI dual frequency re-
ceiver. The SAPOS (national network of reference
stations for differential SAtellite POSitioning) sta-
tion at mount Wank (marked with a black cross in
Figure 1; altitude 1830 m) was used as master sta-
tion. A Leica SR520 receiver is mounted there. Both
master and rover have a sampling rate of 1 Hz.

3 INS/GPS experiment

3.1 Computational methodology

Gravimetry by a combination of a strapdown IMU
and GPS can be performed either in scalar or in vec-
torial mode, where either only the gravity value or
the full gravity vector is derived. In this first experi-
ment the computation is restricted to the scalar case
(strapdown inertial scalar gravimetry, SISG). Then
the gravity disturbance δg can be determined by (see,
e.g., Salychev, 1998)

δg = au − v̇u − γ

+

(

ve

RN + h
+ 2ωE cosϕ

)

ve

+
v2

n

RM + h
, (1)

where au is the vertical dynamic acceleration (spe-
cific force) sensed by the IMU and v̇u is the vertical
kinematic acceleration derived from the GPS posi-
tions. Furthermore γ is normal gravity, ve and vn



are the horizontal components (East and North) of
the vehicle velocity, ωE is the rate of Earth rotation,
h and ϕ are the ellipsoidal height and latitude and
RN and RM are prime vertical and meridian curva-
ture radii. The terms in the second and third row are
usually called Eötvös correction.

3.2 Data processing

For the processing of the IMU data we used the dedi-
cated Kingspad software of the University of Calgary
(see Schwarz and El-Sheimy, 2000). This software
allows to process both, a separate inertial navigation
solution and kinematic GPS positions, as well as a
combined INS/GPS trajectory. Due to frequent gaps
in the GPS data it was not possible to process the data
in a single run, but only short pieces of a combined
INS/GPS solution. In order to compute a continuous
specific force vector for the whole trajectory, an INS-
only solution was derived. Therefore only ZUPTs
and coordinate updates (CUPTs) at the ZUPT points
could be used. This means an update frequency of
some minutes (period between successive ZUPTs).

For validation of the positions a separate GPS-
only solution was derived using the Bernese soft-
ware (Rothacher et al., 2001). At this stage, kine-
matic accelerations have only been computed from
the Bernese solution. Further computations will be
done to compare with results achieved from the sep-
arate Kingspad-arcs. Figure 2 shows the processing
chain of our computations.
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Fig. 2. Flowchart: processing chain of IMU and GPS data for
strapdown inertial scalar gravimetry (SISG).

About 20% of the trajectory suffer from lack of
GPS data (3 or less satellites) and only for about
55% both L1 and L2 are available. Therefore a L1-
only double difference solution was computed. The
length of the baseline is between 5 and 25 km, there-
fore ionospheric effects can be expected to be in the
dm-range. Most of these atmospheric effects have
long-wavelength characteristics (at least with respect
to the computation of accelerations). Residual high
frequent errors are expected to be below 10 cm. Pe-
riods with only 4 satellites might have larger errors.
Unfortunately, the largest errors can be expected in
the vertical component, which is the critical one for
our SISG application. At the moment only a float
solution was computed, which suffers from frequent
cycle slips. Therefore the kinematic accelerations
could only be computed piecewise along continuous
arcs (see section 3.5).

3.3 Static IMU-gravimetry without Kalman
filter

Evaluation of the IMU quality can be done easily at
ZUPTs, in case a reference gravity value is known.
As there are no kinematics involved (zero velocity!)
the IMU acts like a gravimeter. In this case it holds

gIMU =

√

a2
x + a2

y + a2
z , (2)

where ax, ay, az are the readings from the three ac-
celerometers. Figure 3 shows the mean gravity mea-
sured at the ZUPTs compared to the reference values.
The latter ones had been determined by gravimetry
(accuracy well below 1 mGal). It is obvious that
there are large differences at the beginning of the
mission (first 1 to 2 hours up to ZUPT number 15).
For the rest of the mission the error of the IMU-
derived gravity has a standard deviation of 2 mGal.
This indicates good performance of the IMU.
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Fig. 3. Gravity from raw IMU-data at ZUPTs compared to
known reference values.



3.4 Static IMU-gravimetry with Kalman filter

A similar comparison of IMU-only data at ZUPTs
can also be performed with the output files of the
Kingspad software, i.e. with Kalman filtered es-
timates. Kingspad uses a 15-states Kalman filter.
Three of the states are bias values for the accelerom-
eter. Assuming the actual instrument bias to be more
or less constant during the mission, the bias varia-
tion at the ZUPTs shows the variation of the grav-
ity disturbance. Figure 4 shows a comparison be-
tween the gravity disturbance and the bias of the z-
accelerometer (z-axis of IMU body system; approx-
imately vertical at the ZUPTs). Again the values fit
quite well after about 2 hours (first 30 minutes are
the initial alignment). From then on the standard de-
viation of the differences is 4 mGal. The same holds
for the gravity disturbance computed from the verti-
cal dynamic acceleration (Kingspad output) after ad-
ditional lowpass filtering (butterworth filter of fourth
order, cut off frequency 0.1 Hz). This corresponds to
equation (1) in static mode, where both the kinematic
accelerations v̇u and the Eötvös correction are zero.
The values are shown in Figure 5.
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Fig. 4. Estimated accelerometer bias (z-component in IMU
body frame) compared to gravity disturbance at ZUPTs.
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Fig. 5. Vertical dynamic acceleration au (minus normal grav-
ity γ) compared to gravity disturbance at ZUPTs.
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Fig. 6. Temperatur of the IMU during the INS/GPS experi-
ment.

All of the above IMU-only tests match reason-
ably well with the reference values. Large deviations
show up only in the first two hours. Figure 6 shows
the temperature variation inside the IMU during the
mission. The temperature is rising fast for about
12◦C over the first two hours and declines slowly for
about 7◦C during the next 6 hours. Therefore resid-
ual temperature effects (connected to the temperature
gradient) are possible candidates for the deviations in
the first mission phase.

3.5 Kinematic gravimetry

For gravimetry in kinematic mode the dynamic ac-
celeration au needs to be compared to the acceler-
ation computed from the GPS kinematic positions.
According to the flowchart in Figure 2 the kine-
matic coordinates were first reduced from the GPS
phase center to the IMU reference point, using the
lever arm components (in the local horizontal ENU-
system) computed by Kingspad. Due to gaps and cy-
cle slips in the GPS phase solution about 100 sepa-
rate pieces of trajectory had to be processed, some
of them lasting only about 10 epochs. In order to
reduce the position noise a smoothing cubic spline
function (see Reinsch, 1967) was fitted to each arc
separately. Spline functions have the advantage, that
the coefficients of the cubic spline function directly
give position, velocity and the desired acceleration at
every epoch. Figure 7 shows both the dynamic and
the kinematic acceleration over an arbitrary period of
6 minutes. There is a ZUPT at the beginning and the
end of this period and a gap in between. Even though
the curves show strong correlation, the actual devia-
tions are rather large. The differences have a standard
deviation of about 150 mGal, which is much larger
than the actual signal variation over the whole tra-
jectory. Obviously the applied filtering (of dynamic
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Fig. 7. Vertical dynamic acceleration au (minus normal grav-
ity γ) compared to kinematic accelerations (from GPS) over a
6 minutes period.

and/or kinematic accelerations) leaves to much noise
in the signal, or the smoothing spline does not only
filter the high frequencies, but also harms the lower
parts of the spectra. Further investigations have to be
taken to clarify this point.

4 Summary and conclusions

The paper shows first results of a terrestrial INS/GPS
campaign carried out by car in the Bavarian Alps.
The location is considered very well suited for iner-
tial gravimetry from the point of view of validation.
The dense coverage of the region with gravity field
information allows the derived signal to be validated
easily. Also the variation of the signal is well above
the expected SISG accuracy (80 mGal variation in
gravity). The obstacle of such a mountainous region
for terrestrial experiments, of course, is the visibility
of GPS satellites. In our case the receiver was not
capable to track the L2 signal over more than half
of the mission, while L1 is present over nearly 80%.
This is a drawback of our Trimble 4000SSI, which
does not belong to the latest generation of receivers.
New receivers would probably be able to track the
signal faster, allowing a L1/L2 ionosphere-free solu-
tion over longer periods. Two more hardware aspects
could improved the GPS part considerably. The first
is the number of available satellites and the second
one is the sampling rate. An adequate receiver should
at least be able to track both GPS and GLONASS, in-
creasing the number of satellites approximately by 2
or 3, and if possible give positions at a higher sam-
pling rate than 1 Hz, allowing more accurate deter-
mination of kinematic accelerations.

While showing deficiencies in the GPS part, the
IMU results are fully satisfying for a first experiment.
Using the raw as well as the Kalman-filtered data one
can evaluate the dynamic acceleration in static peri-

ods, where no kinematics show up. In those periods
the derived values correspond to the reference grav-
ity at the level of some few mGals. Only in the first
period of the mission there are larger discrepancies.
These might be due to residual temperature effects
which are not taken care of by the calibration algo-
rithm. Two strategies could be followed to eliminate
this behaviour in future missions: first, a refined cal-
ibration model and a new estimation of the calibra-
tion parameters or, secondly, an additional temper-
ature stabilization. Last but not least, refined algo-
rithms and data processing strategies (,e.g., for filter-
ing) should improve the results in the future.
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