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Abstract
The Gravity Probe B (GP-B) Relativity Mission is a fundamental physics experiment to test Einstein’s theory of General Relativity
based on observations of spinning gyroscopes onboard a satellite in a near-polar, near-circular orbit at an altitude of about 640 km
around the Earth. The GP-B mission was designed to test two predictions of Einstein’s theory, the geodetic eﬀect and the frame-dragging
eﬀect, to an accuracy better than 5 · 104 arcsec/yr. Drag-free control technology is implemented in the GP-B translation control system
to minimize support forces and support induced torques on the gyroscopes. A Global Positioning System (GPS) receiver onboard the
GP-B satellite provides real-time position, velocity and timing data. The GP-B orbit is determined on the ground based on the 3-axis
GPS position data and veriﬁed independently with ground-based laser ranging measurements. This paper describes the design and implementation of the drag-free translation control and orbit determination system of the GP-B satellite. The on-orbit performance of the
drag-free translation control system satisﬁes the requirements of the GP-B science experiment. The residual accelerations from the gyroscope control eﬀorts are less than 4 · 1011 m/s2 (along the satellite roll axis) and less than 2 · 1010 m/s2 (transverse to the satellite roll
axis) between 0.01 mHz and 10 mHz in inertial space. The non-gravitational acceleration along the satellite roll axis, including a nearly
constant component (which is kept below 1 · 107 m/s2) and a sinusoidal component (whose amplitude varies from about 5 · 107 m/s2
to less than 1 · 108 m/s2), causes the gyroscope spin axis to drift less than 9 · 105 arcsec/yr. The orbit determination system is found to
provide overlapping orbit solution segments having RMS (root mean square) position and velocity errors of a few meters and a few mm/s,
well within the RMS mission requirements of 25 m and 7.5 cm/s.
 2007 Published by Elsevier Ltd on behalf of COSPAR.
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1. Introduction
The Gravity Probe B (GP-B) Relativity Mission is a fundamental physics experiment to test two predictions of Einstein’s theory of General Relativity based on observations
of spinning gyroscopes onboard a satellite in a near-polar,
near-circular orbit at an altitude of about 640 km around
the Earth (Everitt, 1988; Everitt et al., 2001). In Newton’s
gravitational theory, the spin axes of the gyroscopes remain
ﬁxed in inertial space if there are no torques on the gyro-
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scopes. However, for the GP-B orbit, it is predicted by
General Relativity that the spin axes of the gyroscopes drift
by 6.6 arcsec/yr in the orbital plane due to the mass of the
Earth and drift by 0.041 arcsec/yr perpendicular to the
orbital plane due to the rotation of the Earth, as illustrated
in Fig. 1. These are called the geodetic eﬀect and the framedragging eﬀect, respectively. The GP-B mission was
designed to measure the two relativistic eﬀects to an accuracy better than 5 · 104 arcsec/yr.
The GP-B satellite was successfully launched into orbit
on April 20, 2004. The GP-B experiment consists of three
phases: the initialization phase for 128 days, the science
data collection phase for 353 days and the calibration
phase for 46 days. The science data collection started from
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Fig. 1. The Gravity Probe B Relativity Mission.

August 28, 2004. The GP-B on-orbit experiment was completed on September 29, 2005 when the superﬂuid helium
dewar was depleted.
The GP-B satellite rolls at a period of 77.5 s about an
axis toward a guide star, IM Pegasi, which lies within 0.1
degree of the orbital plane during the GP-B experiment.
A telescope tracks the guide star. The spin axes of the gyroscopes are initially aligned to within 20 arcsec of the guide
star. The long term drift in the spin axis orientation of the
gyroscopes is measured relative to the guide star. In the science data collection phase, the translation control system
employs the drag-free control technology, which minimizes
the support forces and support induced torques on the
gyroscopes. A Global Positioning System (GPS) receiver
onboard the GP-B satellite provides real-time position,
velocity and timing data. The GP-B orbit is determined
on the ground based on the 3-axis GPS position data and
veriﬁed independently with ground-based laser ranging
measurements provided by the International Laser Ranging Service (Pearlman et al., 2002).
This paper is organized as follows: ﬁrst, the drag-free
control is introduced and the translation control system
is described. Second, the orbit determination system is presented and the force modeling is discussed. Third, the ﬂight
data are shown to demonstrate the on-orbit performance.
Finally, conclusions are provided.

2. Drag-free translation control
DeBra (2003) discussed the drag-free control technology
for fundamental physics experiments in space. A drag-free
control system comprises a proof mass free ﬂoating in the
satellite, a sensor to measure any displacements between
the proof mass and the satellite, a number of low-level (ideally proportional) thrusters as actuators, and the associated
electronics and software (drag-free control algorithms).
The shielded proof mass within the satellite follows a
purely gravitational orbit. The satellite is controlled to follow the proof mass by the thrusters, which produce a force
equal and opposite to the disturbances to the satellite, i.e.,

air drag, radiation pressure, micrometeorite impacts, etc.
Therefore, the drag-free control provides a dynamically
quiet platform for high-precision experiments. The principle of the drag-free satellite was conceived by Pugh
(1959) and further developed by Lange (1964). The ﬁrst
drag-free satellite was the Triad, one of the TRANSIT
navigation satellites of the Navy Navigation Satellite
System. The Triad was developed by Applied Physics
Lab of John Hopkins University and Guidance and Control Lab of Stanford University (1974). It was demonstrated that the residual acceleration of the Triad satellite
was 5 · 1011 m/s2 in the ﬂight in 1972.
The GP-B experiment was designed to reduce the Newtonian drift of the gyroscope below 5 · 104 arcsec/yr. To
achieve this goal, drag-free control is necessary to minimize
the gyroscope support induced torques. The uncompensated forces are mostly constant or at orbital or twice orbital frequency in the axes of the satellite body-ﬁxed frame.
Along the direction of the gyroscope spin axis these are
averaged at the spin frequency and contribute relatively little to the gyroscope drift error budget. The amplitude of
the disturbance forces falls oﬀ signiﬁcantly with frequency.
Thus the satellite was designed to roll about the line of
sight to the guide star in order to spectrally shift the science
data (which is in inertial space) with respect to these disturbances. As a result, the disturbances transverse to the gyroscope spin axis are now averaged at the roll frequency and
the modest amount of disturbance at the roll frequency is
acceptably low. The gyroscope spin axis is within 30 arcsec
of the satellite roll axis during the GP-B ﬂight. As long as
the residual accelerations of the GP-B satellite are less than
2 · 106 m/s2 along the satellite roll axis and less than
4 · 1010 m/s2 transverse to the satellite roll axis in inertial
space, the Newtonian drift of the gyroscope is less than
5 · 104 arcsec/yr.
There are 4 gyroscopes onboard the GP-B satellite. Any
one of them can be used as the proof mass for the drag-free
control system. The mass center of the GP-B satellite is
approximately 23 cm away from the location of the ﬁrst
gyroscope. Each subsequent gyroscope is 8.8 cm further
from the satellite mass center along the satellite roll axis.
The acceleration due to the gradient of the Earth’s gravitational ﬁeld is on the order of 4 · 107 m/s2 on the ﬁrst
gyroscope and increases linearly with the distance between
the satellite mass center and the other gyroscopes. Dragfree control in eﬀect moves the point of free fall from the
satellite mass center to the location of the gyroscope used
as the proof mass. This reduces the gravity gradient acceleration on the other gyroscopes as well.
Fig. 2 shows a photograph of the GP-B gyroscope and
housing. The diameter of the gyroscope is 38 mm and the
gap between the gyroscope and the housing is 32 lm. The
position of the gyroscope with respect to the housing is measured in three
p axes with a capacitance bridge to a noise ﬂoor
of 1.5 nm/ Hz and quantized at the level of 1 nm. The
Gyroscope Suspension System (GSS) keeps the gyroscope
at the center of the housing by servo-controlled electrostatic
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A more detailed description of the GP-B drag-free translation control system was given by Bencze et al. (2006).
3. Orbit determination

Fig. 2. GP-B gyroscope and housing.

forces applied to a set of 6 electrodes. The drag-free control is
implemented with 16 proportional cold gas thrusters, which
use the exhaust gas boil-oﬀ from the superﬂuid helium dewar
of the GP-B satellite as the propellant. The maximum thrust
of the thrusters is 10 mN. A typical operating point is 8.5 mN
for a mass ﬂow of 6 mg/s, representing a speciﬁc impulse
of
p
130 s. The thrust noise is measured to be 25 lN/ Hz. The
bias variation of the thrusters is less than 0.2 mN and the
scale factor variation is less than 6%.
The drag-free control can be implemented in two modes:
the free ﬂoating mode and the accelerometer mode. In the
free ﬂoating mode, active gyroscope suspension control is
disabled, the gyroscope position with respect to the housing is fed back to the translation control system, and the
drag-free control minimizes the relative position between
the gyroscope and the satellite. In the accelerometer mode,
the gyroscope suspension control is enabled, the gyroscope
suspension control eﬀort is fed back to the translation control system, and the drag-free control minimizes the gyroscope suspension control eﬀort. Fig. 3 shows the diagram
of the drag-free translation control system in the free ﬂoating mode (Fig. 3a) and the accelerometer mode (Fig. 3b),
respectively.
In the free ﬂoating mode, the suspension forces and the
related torques on the gyroscope used as the proof mass are
minimal, which is of great value for the GP-B experiment.
However, implementing drag-free control in the accelerometer mode has several engineering advantages: ﬁrst, the
spinning gyroscope is always actively centered by the
GSS, and thus is at minimal risk of contacting the housing
wall. Second, the bias of the residual acceleration can be
compensated. Finally, the larger torques due to the active
suspension are well within the requirements, and the three
gyroscopes other than the one used as the proof mass need
to be suspended against the gravity gradient in any case in
the free ﬂoating mode. Considering the above factors, the
GP-B drag-free translation control system was implemented in the accelerometer mode when the science data
were collected.

Accurate orbit data for the GP-B satellite are required
not only for mission operations but also for the science
data processing. The RMS (root mean square) position
and velocity errors should be less than 25 m and 7.5 cm/s,
respectively, for an accurate calibration of the GP-B science measurements and a comparison of the measured relativistic drift rates of the spin axes of the gyroscopes with
the predicted drift rates.
The GPS equipment onboard the GP-B satellite is
divided into two fully redundant sets. Each set comprises
a receiver and 4 antennas, manufactured by Trimble Navigation Limited (http://www.trimble.com) and modiﬁed for
space use by Stanford University and Lockheed Martin
Company. Each receiver has 6 channels for the L1 signal,
from which real-time position, velocity and timing data
are calculated onboard the GP-B satellite and sent to the
ground via telemetry. The combined ﬁeld-of-view of the
set of 4 antennas covers the entire sky so that the GPS
receiver is able to track the GPS satellites continuously
while the GP-B satellite rolls. Shestople et al. (2004) discussed the hardware and software of the GPS receiver
onboard the GP-B satellite and showed the on-orbit performance in the initialization phase of the GP-B experiment.
The GP-B orbit is determined on the ground, using the
3-axis GPS position data at 10-second intervals in the commercial software package MicroCosm developed by Van
Martin Systems, Inc. (http://www.vmsi-microcosm.com).
The position data were divided into 18-hour spans which
are centered on 06:00 and 18:00 hours each day, so there
are 6-hour overlaps at the ends of each span. GP-B ephemeris segments are generated from each data span using
independent batch ﬁts to the 6 state variables of position
and velocity and ﬁve additional coeﬃcients used for axial
force modeling. The 6-hour overlaps at the start and end
of the data span allow for consistency comparisons and
end-eﬀect studies.
The force modeling includes a 50 · 50 GGM02C geopotential model (Tapley et al., 2005), luni-solar and
earth-tide gravitation model and 2 sinusoidal and 3 polynomial parameters (Hanuschak et al., 2005) to model periodic
and slowly varying forces in the direction of the satellite
roll axis (the latter is discussed below). Additional radiation pressure and atmospheric drag models were only used
in the initialization phase when the drag-free control was
not implemented.
In the science data collection phase, two types of nongravitational perturbing accelerations were observed in
the orbital motion. Both act along the roll axis of the
GP-B satellite, since the roll of the satellite averages out
any satellite body-ﬁxed accelerations transverse to the roll
axis. One perturbing acceleration is nearly constant each
day, but gradually increasing over time. The other is nearly
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Fig. 3. Diagram of drag-free translation control system (a) free ﬂoating mode (b) accelerometer mode.

sinusoidal and oscillating at the frequency of the polhode
motion of the gyroscope used as the proof mass. The polhode motion is a periodic motion of the gyroscope spin axis
moving in the gyroscope body-ﬁxed frame due to the diﬀerence of principal moments of inertia (Goldstein, 1980). As
a result, the eﬀects of sinusoidal and polynomial terms in
the direction of the satellite roll axis must be included in
the force modeling for an accurate orbit representation.
There is evidence indicating that some of the observed
perturbing acceleration of the gyroscope used as the proof
mass is due to interactions of electrical patch charges on
the gyroscope and the housing. Those interior electrostatic
forces as well as the exterior forces acting on the satellite
tend to move the proof mass toward the housing and both
must be compensated by thrusting to keep the proof mass
centered in its housing. The non-gravitational force parameters in the orbit determination force model represent the
axial component of the thrusting that compensates for just
the interior forces. That thrusting, averaged over gyroscope
spin period and satellite roll period, would be expected to
have an axial resultant with both a constant component
and a component with the polhode period that depends

on the orientation of current gyroscope spin axis with
respect to the satellite roll axis. The non-gravitational
acceleration forces the satellite to follow a slightly nongravitational trajectory.
Ground-based laser ranging measurements have been
available since late July 2004. Because the laser ranging
measurements are often sparse and ill-conditioned, it is frequently not possible to determine comparable orbits independently from the laser ranging measurements alone.
Nevertheless, the laser ranging measurements are used to
compute laser ranging residuals referenced to the orbit
solutions determined from the GPS position data for an
independent veriﬁcation.
Additional information on force modeling for GP-B
orbit determination and a description of the resulting
GP-B orbit history were provided by Hanuschak et al.
(2005) and Small (2006).
4. On-orbit performance
The non-gravitational perturbations varied during the
ﬂight, depending on whether the drag-free control was on
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or oﬀ and which gyroscope was used as proof mass. Those
eﬀects on the orbit are most easily observed in the history
of the semi-major axis, because small semi-major axis variations have corresponding eﬀects on the orbit period which
integrate into large in-track perturbations. Fig. 4 shows the
history of the short-period mean semi-major axis of the
GP-B orbit in the ﬂight. In the initialization phase after
the launch of the GP-B satellite on April 20, 2004 (day
111, all day numbers are measured from 00:00:00 UTC
December 31, 2003), the drag-free control was oﬀ except
for several tests. During that time it is seen that the semimajor axis decayed slowly mainly due to air drag. From
the start of the science data collection on August 28,
2004 (day 241) to the depletion of the helium on September
29, 2005 (day 638), the drag-free control was implemented
in the accelerometer mode as a baseline. During the dragfree portion of the mission the mean semi-major axis did
not decay, but (because semi-major axis variations are proportional to perturbing acceleration components in the
direction of the orbital velocity vector) it oscillated at a frequency which is the diﬀerence between the current polhode
and orbital frequencies. It is seen in Fig. 4 that history was
relatively stable except for two jumps. Around September
18, 2004 (day 262), the increasing polhode frequency of
Gyroscope 3, then used as the proof mass, became equal
to and then exceeded the orbital frequency. The corresponding oscillations of the mean semi-major axis then
passed through a resonance, leading to an abrupt altitude
decrease of about 140 m. The relatively large oscillations
surrounding the resonance were greatly reduced on September 24, 2004 (day 268) when Gyroscope 1, which had
a diﬀerent polhode period, was designated as the proof
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mass. On March 4–8, 2005 (days 429–434) the drag-free
control was turned oﬀ for 5 days after a reboot of the computer onboard the GP-B satellite, which resulted in a drag
decay decrease of the semi-major axis by 9 m. The semimajor axis history and the higher-resolution details of the
corresponding in-track perturbations proved useful in analyzing the history of the non-gravitational forces acting on
the orbit (Small, 2006).
In the initialization phase, the drag-free translation control system was tested both in the free ﬂoating mode and in
the accelerometer mode. Fig. 5 shows the control eﬀorts of
the proof mass, Gyroscope 3, and the control eﬀorts of the
satellite in the directions (which are ﬁxed in the satellite
body-ﬁxed frame) along the satellite roll axis (Fig. 5a)
and transverse to the satellite roll axis (Fig. 5b) in an example of drag-free control transition sequence on July 5, 2004
(day 187). As shown in the ﬁgure, the drag-free control system was initially oﬀ, and the control eﬀorts of the satellite
were zero. The control eﬀorts of the gyroscope counteracted the gravity gradient on the gyroscope, which is a
sinusoidal signal of twice orbital frequency in the direction
along the roll axis and a sinusoidal signal of twice orbital
frequency modulated at the roll frequency in the direction
transverse to the roll axis. Then the drag-free control system was turned on in the accelerometer mode. The gyroscope suspension control was enabled, and the gyroscope
control eﬀorts were fed back into the drag-free control system. Note that the control eﬀorts of the gyroscope used as
the proof mass were near zero and the control eﬀorts of the
satellite counteracted the gravity gradient on the satellite.
The drag-free control system was then switched to the free
ﬂoating mode. The gyroscope suspension control was

Fig. 4. History of semi-major axis of GP-B orbit in ﬂight.
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Fig. 5. An example of drag-free control transition sequence: gyroscope and satellite control eﬀorts in the directions along (a) and transverse to (b) satellite
roll axis (both directions are ﬁxed in the satellite body-ﬁxed frame).

disabled, and the control eﬀorts of the proof mass were
exactly zero. The drag-free control system ﬂew the satellite
around the position of the proof mass. Finally, the dragfree control system was turned oﬀ, and the counteraction
of the gravity gradient can be seen again in the control
eﬀorts of the gyroscope.
Fig. 6 shows the spectra of the satellite control eﬀorts
and the gyroscope control eﬀorts in the directions (which

are in the orbital plane and ﬁxed in inertial space) along
the satellite roll axis (Fig. 6a and b) and transverse to
the satellite roll axis (Fig. 6c and d). The data were from
14 days starting from July 19, 2005 (day 566), when the
drag-free control was implemented in the accelerometer
mode, and exhibit the representative performance of
the drag-free translation control system of the GP-B
satellite. In Fig. 6a and c, a peak at twice orbital
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Fig. 6. Spectra of satellite control eﬀorts and gyroscope control eﬀorts in the directions along (a,b) and transverse to (c,d) satellite roll axis (both directions
are in the orbital plane and ﬁxed in inertial space. The data were from 14 days starting from July 19, 2005).

frequency can be seen in the spectrum of the satellite
control eﬀort due to the gravity gradient. Note that the
residual accelerations from the gyroscope control eﬀorts
are less than 4 · 1011 m/s2 (along the satellite roll axis)
and less than 2 · 1010 m/s2 (transverse to the satellite
roll axis) between 0.01 mHz and 10 mHz in inertial space
(averaging period: 24 h). It is observed that the drag-free
control reduces the gravity gradient and environmental
forces on the satellite to the noise level of the gyroscope
control eﬀort by a factor of about 10,000 along the satellite roll axis.
The estimated parameters in the orbit determination
force model show that the amplitude of sinusoidal component of the perturbing acceleration varied from about
5 · 107 m/s2 at the start of the science data collection
phase to less than 1 · 108 m/s2 near the end of the science
data collection phase. Since the bias of the perturbing
acceleration estimated in the orbit determination was
uploaded to the satellite and added to the error signal com-

manding the drag-free control, the constant component of
perturbing acceleration was kept below 1 · 107 m/s2 in the
science data collection phase. The non-gravitational perturbing acceleration of the GP-B satellite along the satellite
roll axis causes the gyroscope spin axis to drift less than
9 · 105 arcsec/yr.
Fig. 7 shows RMS position vector diﬀerences (Fig. 7a)
and RMS velocity vector diﬀerences (Fig. 7b) of the
GP-B orbit solutions in the central 3-hour portions of the
overlaps between subsequent data spans in the science data
collection phase, demonstrating the quality of the GP-B
orbit determination. The dominant position error is intrack and dominant velocity error is radial. (The position
and velocity error plots are closely correlated because a
small angular in-track error of dh causes a radial velocity
error of Vdh due to the rotation of the velocity vector V.)
The error spikes near day 275 occurred because then the
increasingly high-frequency in-track oscillations of
the non-gravitational accelerations temporarily exceeded
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Fig. 7. RMS position vector diﬀerences (a) and RMS velocity vector diﬀerences (b) of GP-B orbit solutions in central 3-hour portions of overlaps between
subsequent data spans in science data collection phase.

the resolution of the modeling parameters. It is observed
that the ground processing of GPS position data provides
orbit overlap solutions with position errors of 1.1 m
(RMS) and velocity errors of 0.9 mm/s (RMS).
As an independent veriﬁcation, Fig. 8 shows the laser
ranging residuals referenced to the GP-B orbit solutions

obtained from the GPS position data. It is observed that
those residuals are at the level of 2.2 m (RMS). Those laser
ranging measurements were not ﬁltered except to discard
outliers with residuals greater than 30 m, and they were
not corrected for the 1.75 m oﬀset between the laser reﬂector and the mass center of the GP-B satellite.
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Fig. 8. Laser ranging residuals referenced to GPS-based orbit solutions.

5. Conclusions
The drag-free translation control system of the GP-B
satellite was successfully demonstrated in the ﬂight, both in
the free ﬂoating mode and in the accelerometer mode. Its
on-orbit performance satisﬁes the requirements of the
GP-B science experiment. The residual accelerations from
the gyroscope control eﬀorts are less than 4 · 1011 m/s2
(along the satellite roll axis) and less than 2 · 1010 m/s2
(transverse to the satellite roll axis) between 0.01 mHz and
10 mHz in inertial space. The non-gravitational acceleration
along the satellite roll axis, including a nearly constant component (which is kept below 1 · 107 m/s2) and a sinusoidal
component (whose amplitude varies from about 5 · 107 m/s2
to less than 1 · 108 m/s2), causes the gyroscope spin axis to
drift less than 9 · 105 arcsec/yr. The GPS receivers
onboard the GP-B satellite functioned well during the
on-orbit experiment, providing real-time position, velocity
and timing data. Overlap errors and laser ranging residuals
indicate that ground processing of the GPS position data
provides GP-B orbit solutions having RMS position and
velocity errors of a few meters and a few mm/s, well within
the RMS mission requirements of 25 m and 7.5 cm/s.
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