
1. Introduction

Since launching in March of 2002, the Gravity
Recovery And Climate Experiment (GRACE) mission
has been accurately mapping variations in the Earth’s
gravity field for more than 10 years (MacArthur and
Posner, 1985; GRACE Team, 1998; Kim, 2000;
Tapley, 2004). The GRACE mission has two identical
spacecrafts flying about 220 km apart, in a polar orbit,
500 km above the Earth. The GRACE satellites map

the Earth’s gravity field by making accurate
measurements of a distance between the two satellites,
using GPSs and a K-band microwave ranging system
whose accuracy is about 10μm (GRACE Team, 1998).
The gravity field results, which have the unprecedented
accuracy, are providing crucial information about the
distribution and flow of mass within the Earth. Center
for Space Research (CSR) through the GRACE
mission has been producing the Earth gravity field
maps of better quality whenever a Release (RL)
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number is getting increased. The newest version is RL-
05. This paper focuses on the studies which have been
done during a version upgrading process from RL-04
to RL-05. The primary sensors for the attitude system
are the star trackers, and the secondary sensor is the
Litton gyro. Each GRACE satellite has two star
trackers installed on its side panels looking upward
roughly in the ±45° against y axis of the Science
Reference Frame (SRF). The Litton gyro was installed
onboard for a contingency mode. However, the gyro of
GRACE-A failed during the first days of the mission
and could not be recovered. Since the failure of the
gyro, GRACE satellites are using only star trackers to
obtain the satellite attitude. The information about the
satellite attitude is important to compensate a distance
between the K-band phase center and the center of
mass of the satellite. For this reason, as a pre-
processing, a new filtering, a discontinuity removal
method, and a misalignment calibration to star tracker
measurements were applied. As for the misalignment
calibration, new misalignment angles, which were
determined using the accelerometer angular
acceleration data and star tracker quaternion data from
the GRACE satellites, were tested. Although the
misalignment of star trackers had been calibrated on
the ground facility before launch, sensor misalignments
usually happen during a launching period. Therefore,

after launch, calibration for the sensor misalignment
should be done in the early period of the mission
(Wang, 2003). In addition, routine calibrations in the
other periods of the mission should also be done to
calibrate the misalignment due to the accumulated
fatigue of sensor supporting structures and the
degradation of electronic parts on the satellites under
harsh space environment conditions. This paper will
discuss about a pre-processing upgrade for the star
tracker measurements, and a systematic noise reduction
in the final product of the mission, the Earth’s gravity
field maps through the upgrading.

2. Pre-processing Upgrade for Star tracker
Measurements

1) Filtering and Combination
At the Center for Space Research (CSR), which is a

major laboratory for GRACE science data processing,
star tracker measurements are nominally passed
through a 0.1Hz low-pass CRN filter. The CRN stands
for N self-Convolutions of a Rectangular time-domain
window function (Thomas, 1999). However, in this
paper, a tighter CRN low-pass filtering of 0.025 Hz
cutoff frequency was applied for the star tracker
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Fig. 1.  PSDs for the rate of antenna corrections filtered by 0.1 Hz and 0.025 Hz for 2008-10-05.



measurements to prevent the aliasing effects of their
high frequency noise. Fig.1 shows the Power Spectral
Density (PSD) plots of the rate of antenna corrections
which are filtered by 0.1 Hz and 0.025 Hz, respectively.
A diagram of the antenna correction for the GRACE
mission is shown in Fig. 2. In Fig. 2, the ‘PC’ stands
for the phase center of the K-band antenna and the
‘CM’ stands for the center of mass of GRACE
satellites. The K-band antenna is installed on the front
side of one GRACE satellite, facing the other GRACE
satellite. Once a distance between the two PCs of
GRACE satellites is measured, it is then converted to
the CM to CM distance. This conversion is possible
with the satellite attitude information, and the
conversion is called the antenna correction. The 0.025
Hz was chosen for the tighter filtering because the gray
line for 0.1 Hz cutoff frequency in Fig. 1 seems to rise
after that frequency. This choice is reasonable because
the attitude maneuvers of the satellites above the 0.025

Hz frequency are not realistic, except for epochs of
attitude thrust firings. In addition, the signal above
0.025 Hz seems to be one of noise sources for the KBR
measurements because it was found to be proportional
to the frequency and the inter-satellite distance (Ko,
2013).

Due to direct intrusions of the Sun and/or Moon light
into the star trackers, there are single header regimes
and double headers regimes depending on the number
of the available star trackers. After the low-pass filtering
for the 1st and 2nd star tracker data, they are combined
to obtain the satellite attitude, which is the nominal
processing at the CSR. The combination has been done
by computing their averages. The same process was
applied for this study except for the tighter filtering with
0.025Hz cutoff frequency. Pitch angles against Line Of
Sight (LOS) are plotted in Fig. 3. The LOS is a vector
which passes through the two CMs of the satellites.

As shown in Fig. 3, there are discontinuities of the
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Fig. 2.  Antenna correction of the GRACE measurement.

Fig. 3.  Pitch angles of filtered 1st, 2nd, and their average against the LOS.



combined data at the epochs when the double headers
regime is changed to the single header regime, or vice
versa. The discontinuities are also called jumps in this
paper. These jumps shouldn’t be considered small
because of technical advancements in background
model, GPS phase center calibration, etc. The
magnitudes of the jumps are not same so that a jump
removal algorithm was developed. The jump removal
algorithm is composed of two steps. The first step is to
remove a difference, between the combined star tracker
data at the starting epoch of the single header regime
and those at the ending epoch of the double headers
regime, from the single header regime. The second step
is to add a difference between the magnitudes of the
jumps at the starting and ending epochs of the single
header regime linearly to the star tracker data of the
single header regime. After removing the jumps using
the jump removal algorithm, the continuous combined
data can be obtained, as shown in Fig 4. Removing
such discontinuities may improve the Earth’s gravity
solution, depending on how much other sensor noises
and background model errors exist in the other
measurements.

In order to compare the Earth’s gravity solutions of
the tighter filtering and jump removal case with the
nominal filtering case in a quantifiable way, Degree
Difference Variance (DDV) (Rosborough, 1986) was

used, which is defined by the difference in spherical
harmonic coefficients (Cnm, Snm ) between the reference
and each case as:

                     ∆n =                        (1)

where, n: degree, m: order, ∆C
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The result is a degree-dependent set of statistics that
can be inter-compared. For the DDV, the GRACE
mean gravity model GGM03C (Tapley, et al., 2007),
which is a spherical harmonic representation of the
Earth’s gravity field complete to degree and order 360,
in the harmonic coefficient domain, was used for the
reference solution. The DDV averages in Fig. 5 were
made with January, March, October, and December in
2008 up to degree 180. As shown in Fig. 5, the small-
dot line is for the new gravity solution with the tighter
filtering and jump removal, and the small-circle line is
for the RL-04 case of the CSR. The RL-04 is one
version of Earth’s gravity solutions of GRACE science
data produced by the CSR. The new gravity solution
and the RL-04 gravity solution were generated
differently only in regard to the filtering and jump
removal. The DDV difference between them exists
from approximately degree 164 to 175 as shown in Fig.
5. This difference means that the new gravity solution
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Fig. 4.  Pitch angles of filtered 1st, 2nd, and their combination against the LOS after jump removal.



is improved but the magnitude of its improvement is
negligible. This result implies that the improvements
with the filtering and jump removal may be
compromised with other sensor noises and background
model errors.

2) New Quaternion from Star tracker Frame
to Science Reference Frame
Performance of the star trackers of the GRACE

satellites becomes better if their misalignments are
calibrated (Bandikova and Flury, 2014). As for the
GRACE mission, K-Band Ranging (KBR) calibration
for the GRACE satellites has been done to calibrate K-
band phase center offsets and star tracker misalignment
angles (Wang, 2003). The KBR calibration consists of
8 maneuvers. The first four maneuvers are such that the
GRACE-A satellite is commanded to oscillate about its
z axis and y axis of the SRF with a positive and a
negative angle bias, respectively, while the GRACE-B
flies with the normal attitude. One maneuver is depicted
in Fig. 6. The other four maneuvers are that the
GRACE-B satellite is commanded to oscillate about its
z axis and y axis of the SRF with a positive and
negative angle bias, respectively, while the GRACE-A
flies with the normal attitude. During the KBR
calibration, relatively large magnitude attitude

variations can be sensed by the accelerometer and star
trackers of each GRACE satellite at the same time,
amounting to 10 μrad/s2 (Wang, 2003). Therefore,
comparing the angular accelerations from the
accelerometer and the derived angular accelerations
from the star tracker’s quaternion data can give us a
good chance to calibrate the misalignment of the star
trackers.

The model for misalignment angles determination
for each KBR calibration maneuver is governed by
             ώSCA = Ξ (εx, εy, εz) RSRF C (ώACC

_ b)               (2)

ώSCA: Derived angular acceleration from the star
tracker.

εx, εy, εz: Misalignment angles.
RSRF: Transformation matrix from the SRF to the star

tracker frame.
C & b: Scale and bias.
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Fig. 5.  DDV averages (Jan., Mar., Oct., & Dec. in 2008) of before and after the tighter filtering and jump removal with 250 km Gaussian
smoothing.

Fig. 6.  KBR calibration maneuver.



ώACC: Angular acceleration from the accelerometer.

In Eq. (2), Ξ (εx, εy, εz) is given by

                   Ξ (εx, εy, εz) = [ ]                    (3)

Processing the KBR calibration data allows the

_εy
εx
1

εz
1_εx

1_εz
εy
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Fig. 9.  Gravity solution difference against GGM03C between
before and after the new quaternion and tighter filtering
with 250km Gaussian smoothing for December 2008.

Fig. 7.  DDV averages (Jan., Mar., Oct., & Dec. in 2008) of before and after the new quaternion and tighter filtering with 250 km
Gaussian smoothing for December 2008.

Fig. 8.  Gravity solutions against GGM03C before (a) and after
(b) the new quaternion and tighter filtering with 250 km
Gaussian smoothing for December 2008.

(b)

(a)

Fig. 10.  Range-acceleration differences of the KBR measurements
between the ascending and the descending modes
divided by 2 before (a) and after (b) the new quaternion
and tighter filtering for December 2008.

(b)

(a)



misalignment angles for the both star trackers to be
determined. The new quaternion data of the star
trackers can be obtained by using the misalignment
angles.

The DDV averages in Fig. 7 were made with gravity
field solutions from January, March, October, and
December, in 2008, up to degree 180. As shown in Fig.
7, the small-dot line is for the new gravity solution with
the new quaternion and tighter filtering, and the small-
circle line is for the modified RL-04 case. This new
gravity solution and the modified RL-04 gravity
solution were generated differently only in regard to
the quaternion and filtering. Fig. 7 shows the DDV
average of the new gravity solution was reduced by
about 9.9% in average from 17 to 180 degrees
comparing to that of the modified RL-04 gravity
solution, when the new quaternion and tighter filtering
were applied.

The Earth’s gravity solution with the new quaternion
and tighter filtering, shown in Fig. 8 (b), was made and
compared to the Earth’s gravity solution of the
modified RL-04, shown in Fig. 8 (a), for December
2008. As shown in Fig. 9, their difference shows some
improvements such that vertical “stripes” (Swenson
and Wahr, 2006) in the gravity solutions have been
reduced. In the same way, range-acceleration
differences of the KBR measurements, between the
ascending and descending modes divided by 2, were
plotted for December 2008 in Fig. 10 (a) and (b). This
comparison shows that many horizontal strips have
been reduced. Based on these results, the new
quaternion is a major factor for the improvement.

3. Conclusion

This paper tells about studies which have been done
during a version upgrading process from RL-04 to RL-
05 of the CSR’ Earth gravity field map. For the pre-
processing upgrade for the star tracker measurements,

the systematic noise reduction of the Earth’s gravity
solution was chosen as the success factor. For the pre-
processing upgrade, three items have been tested. The
first one is the tighter low-pass filtering with 0.025 Hz
cutoff frequency to prohibit the aliasing effect of the
high frequency noise in the star tracker measurements,
instead of the nominal 0.1 Hz cutoff frequency. The
second one is the jump removal algorithm to remove
the discontinuities of combined star tracker
measurements. The third one is the misalignment
calibration for the star trackers. As for the third one,
comparing the measurements of the star trackers and
accelerometer of GRACE satellites, during the KBR
calibration maneuvers, allows for the misalignment
angles of the star tracker to be found.

Conclusively, the first two items had little impact on
the Earth’s gravity solution, due to possible
compromises with other sensor noises and background
model errors. Though the new cutoff frequency and
jump removal could not impact on the Earth’s gravity
map improvement, it may let scientists around the
GRACE mission community know those high
frequency and discontinuities found in the star tracker
measurements are not problem for the recent published
Earth’s gravity map. In addition, for the next GRACE
mission, our founding may impact on the results.
However, when the calibrated star tracker
measurements were applied to generate the Earth’s
gravity solutions, the systematic noise on the Earth’s
gravity solutions, such as stripes, was noticeably
reduced.
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