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The Gravity Recovery and Climate Experiment is a dedicated spaceborne mission whose objective is to map
the gravity � eld with unprecedented accuracy. It consists of two satellites coorbiting in a nearly polar orbit at
low altitude. Primary measurements are a series of measured range changes between the two satellites using
a dual one-way microwave ranging system. These measurements are combined with accelerometer and global
positioning system measurements. In this study, comprehensive simulation models for these major instruments
have been developed to recover the gravity information. Effects of the primary error sources on the orbit and
gravity estimation are analyzed through a series of numerical simulations.

I. Introduction

T HE accurate determination of the Earth’s gravity � eld is es-
sential for a wide variety of geophysical applications, includ-

ing oceanography,hydrology, glaciology, geodesy, and solid Earth
science.1 The GravityRecoveryand Climate Experiment(GRACE),
selectedunder the NASA Earth SystemSciencePath� nder program,
is a dedicated spaceborne mission whose objective is to map the
gravity � eld with unprecedented accuracy. The mission involves
two satellites orbiting in the same plane in a low–low satellite-to-
satellite tracking (SST) mode. The two satellites were launched in
March 2002 with a � ve-year mission lifetime.2

The orbit of any satellite in a near Earth orbit is dependenton the
globally integrated effect of the mass distributions and movements
in the Earth system.The orbitsof two satellites,sensingthese effects
at slightlydifferentphases,are perturbeddifferentially.3 This differ-
ence in perturbationsis manifestedin the intersatelliterangechange.
With this concept, the GRACE mission consists of two coorbiting
satellites at 300–500 km altitude with a 220 § 50-km along-track
separation.The GRACE microwave ranging instrumentcan provide
very accurate measurements of the range changes. When these dif-
ferential measurements are made, the higher-frequency content of
the gravitational signals is ampli� ed, thus enabling signi� cant im-
provement in the estimates of the higher resolution features of the
Earth’s gravity � eld. Because the separation distance is small, the
errors due to media effects are minimized as compared to space-
based or ground-based tracking. The orbit inclination is close to
90 deg to maximize global coverage.

The satelliteorbitsand their relativepositionsare affectednotonly
by the gravitational accelerations, but also by nongravitationalac-
celerations, and their effects must be accuratelymeasured to utilize
the gravitationalinformationin the rangechangemeasurements.For
this purpose, each GRACE satellite carries a high-precision three-
axis accelerometer (ACC). Each satellite also carries a geodetic-
quality global positioning system (GPS) receiver to ensure that the
orbits for the satellites can be continuously and accurately deter-
mined and that the gravity � eld estimates can be correctly regis-
tered in a terrestrial reference frame. The overall dimension of each
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GRACE satellite4 is approximately3.1 £ 1.9 £ 0.7 m (length times
width times height) with an initial mass of 425 kg.

The mission is implemented as a joint project between NASA
and the German AerospaceResearchEstablishment,DLR. The mis-
sion is implemented under the overall direction of the University of
Texas/Center for Space Research (UT/CSR). NASA Jet Propulsion
Laboratory, California Institute of Technology (JPL) has been as-
signed responsibilityfor the developmentof the science instrument
and satellite system in partnership with Space Systems/Loral and
DornierSatellitensysteme.The DLR German Space OperationCen-
ter (GSOC), with its ground-trackingfacilities, is responsiblefor the
operation of the GRACE satellites. The observation data collected
by GSOC are processedin a cooperativeapproachby UT/CSR, JPL,
and GeoForschungsZentrumin Germany.

The advantage of using a pair of coorbiting satellites for gravity
detectionwas � rst describedby Wolff.3 The equationsof motion for
a near-Earth satellite in orbit contain the gravitational potential; its
variationsaffect the motion of the satellite.This is easily envisioned
throughthe observationof energy. If the gravitationalenergy should
change, it must be accounted for by a change of the kinetic energy
terms, where the time-dependentpotentialssuch as the sun’s are ig-
nored. When two coorbiting satellites’ total energies are subtracted,
the velocity difference of the two satellites becomes directly pro-
portional to the geopotentialdifference at their respective locations.
This is the basic concept, but it neglects the effects of time-varying,
nonconservativesurface forces.

Based on this low–low SST concept, the NASA Gravity Research
Mission(GRM) was proposedin 1980s,butwas never implemented.
It was similar to the GRACE mission except for the use of a drag
compensation system instead of the ACC and the lack of the GPS
receiver.5¡7 There have been many studies on the GRM and general
SST missions.8¡11

Most of the previous studies utilized analytic or semi-analytic
methods to evaluate the gravity estimation accuracy from the SST
mission. Direct mapping of the relative velocity or the range-rate
observations to the gravity � eld was usually used for predicting the
estimated gravity accuracy.These analytic approacheswere limited
by simpli� ed models and certain assumptions.

A more general and comprehensive approach is based on a full
numerical simulation. Instead of using the mapping functions, each
satellite’s orbit is estimated, along with the gravity � eld, by using
a least-squares batch estimation algorithm.12;13 This approach en-
ables implementation of more comprehensive instrument models
and relaxes certain limitations, for example, the orbits must be in
repeating ground tracks.

The principal objective of this study was to provide the informa-
tion for the satellite design and orbit selections through a compre-
hensive simulation analysis. A high-� delity numerical simulation
approach was used, with an emphasis on comprehensive instrument
error modeling, to obtain realistic simulation results.
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Fig. 1 Dual one-way ranging system.

II. Measurement Models
This section describes two major instrument models, SST and

ACC, with their major error sources. These models were used for a
measurement simulation.

A. SST Model
A biased rangebetween the GRACE satellitesis the primarymea-

surementfor theGRACE mission.The dualone-wayrangingsystem
provides micrometer-level accuracy for this type of measurement.
The most dominant error source for the microwave ranging mea-
surement is the instabilityof the oscillatorthat drives the microwave
signal. The dual one-way ranging system minimizes the oscillator
instability by combining two intersatellite ranging measurements.

Figure 1 shows a concept for the dual one-way ranging system.
With identical transmissionand receptionsubsystems,each satellite
transmits a carrier phase signal to the other satellite.6;7;13;14 The
received signal at each of the two satellites is recorded and later
transmitted to the ground station. This signal is called the one-way
phase measurement, and there are two one-way phases from the
pair of satellites. This one-way phase is conceptually identical to
the GPS phase measurement, that is, the difference between the
receiver’s reference phase and received phase.15

The frequency� uctuationsdue to oscillatorinstabilityhavenearly
equal and opposite effects on each one-way phase measurement.
Summation of these two phasescancels the long and medium period
parts of the oscillator noise. Only the high-frequencynoise, whose
period is shorter than the signal time of � ight (»1 ms), remains after
this process.7 This concept is similar to the single difference in the
GPS measurement processing.15

The combined phase measurement is called the dual one-way
phase measurement. This can be converted to a range measurement
by multiplicationof the wavelength to obtain the following expres-
sion:

R.t/ D ½.t/ C 1½TOF C I C d C B C 1½err (1)

The dual one-way range R.t/ in Eq. (1) is a sum of the instantaneous
range ½.t/ and other components. The instantaneous range is the
range between two satellites’ c.m. at a certain instance t . The light-
time correction 1½TOF accounts for the satellite motion during the
signal time of � ight.15 The phase center offset d is the distance
between the antenna phase center and the satellite c.m. The range
bias B results from unknown phase ambiguity values in the one-
way phases. The ionosphere delay I can be estimated by using the
differential time of � ight in the two frequency signals’ K (24 GHz)
and Ka (32 GHz) bands.2;14 The measurement error is represented
as 1½err .

During the ground preprocessing, a range correction, which is
the sum of the light-time, ionospheredelay, and phase-centeroffset
corrections,is estimated and applied to the dual one-wayrange R.t/
to yield a biased range ½b.t/:

½b.t/ D R.t/ ¡ 1½cor (2)

where

1½cor D 1½TOF C I C d (3)

This observablerepresentsthe instantaneousrangeat a certainepoch
with a bias and measurement errors.

Derived quantities, range rate and range acceleration,can be ob-
tained by numerical differentiation of the series of range measure-
ments. Either the measured biased range or derived range rate can
be used for the gravity and orbit estimation process. Details on the
dual one-way ranging system and its simulation procedure can be
found in several references.13;14;16

The range measurement error 1½err can be modeled as the sum-
mation of the following errors:

1½err D 1½osc C 1½time C 1½sys C 1½mp C 1½other (4)

The oscillatornoise residualafter the dual one-way ranging is called
the SST oscillator noise in this study, identi� ed as 1½osc. Its error
level depends on the oscillator characteristicsand the noise cancel-
lation ef� ciency of the dual one-way ranging system. The time-tag
related error 1½time is due to the measurement time-tag error, espe-
cially the relative time-tag error between the two satellites. This is
not the onboardtime-tagerrordue to theoscillatorinstability,but the
ground processed time-tag error after corrections are applied with
the aid of the GPS measurements.The raw one-way phase measure-
ments are interpolated to the corrected time tag on the ground; the
effect of the time-tag error becomesmuch smaller after this process.
Another error source is the system noise 1½sys due to the receiver
instrument noise. The multipath error 1½mp is due to indirect sig-
nals that arise when the line of sight of the two satellites is not
perfectly aligned with the microwave antenna boresight. The other
error, 1½other, represents negligible error sources whose error levels
were tested in separate simulations and not included in this study.

In summary, the output from each satellite is the one-way phase,
and it is sent to the ground. The output from the dual one-way
ranging system is the biased range between two satellites’c.m. after
ground preprocessing.

B. ACC Model
Each GRACE satellite carries an electrostatic three-axis ACC

that measures the electrostatic force necessary to maintain the ACC
proof mass motionless with respect to the sensor cage. The proof
mass should be located at the mass center of each satellite.

The ACC measurement is the sum of the nongravitationalaccel-
erations, includingatmospheric drag, radiation pressure, and thrust,
but this measurement is corrupted by various error sources. The
following formulation describes the measurement models for sim-
ulation of the ACC measurement.

The ACC measurement model is given by13;17

f obs D M
¡
Rerr

S ! ACC R true
I ! S f I

¢
C b C S C fc:m: C fother (5)

where f I representsthe true nongravitationalaccelerationexpressed
in inertial coordinates and f obs represents the observation. The ro-
tation matrix Rtrue

I ! S represents the coordinate transform from the
inertial (I ) to the satellite body-� xed (S) coordinates.Another rota-
tion matrix, Rerr

S ! ACC, is from the satellite-body-�xed S to the ACC
coordinates. Because of misalignment during the ACC installation,
the satellite and ACC axes may not be coincident.This difference is
assumedunknownand treatedas the misalignmenterror.The (3 £ 3)
scale factor matrix M contains scale factors, and the (3 £ 1) vector
b contains biases. The instrument random noise is representedas S.

The c.m. offset-inducederror fc:m: results from the differencebe-
tween the ACC proof-mass location and the satellite c.m. The cou-
pling between the c.m. offset and satellite attitude motion produces
some parasitic accelerations. The last term, fother , represents other
error sources that are negligible or not included in this study. These
error sourceswill be discussedfurther in the simulationerror model
section.

Another measurement type is the attitude observation from the
star trackers. This measurement provides the coordinate transfor-
mation between the inertial and satellite body-� xed coordinates:

Robs
I ! S D Rerr

I ! S R true
I ! S (6)

The matrix Rerr
I ! S represents the attitude measurement error. Note

that this is not the attitude control error, but the attitude knowledge
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error. In summary, the measurement equations (5) and (6) have two
types of errors, measurement error (M; b; S; fc:m:; ferr) and coordi-
nate transformation error (Rerr

S ! ACC, Rerr
I ! S/.

III. Estimation Procedure
A. Role of GPS Measurement

The GPS signals received by each GRACE satellite provide the
informationfor determining the GRACE satelliteorbit and the mea-
surement time tags.2 The real-time GPS solutions are used by the
onboard controller for the orbit control and determination of mea-
surement time tags. For the mission’s scienti� c purpose (gravity es-
timation), more re� ned measurements are obtained through ground
processing, for example, the time-tag and ionosphere corrections.
In this simulation study, only the ground-processedmeasurements
were considered for the orbit information.

The estimation of the GRACE satellite orbits by using only the
low–low SST measurements has a singularity problem due to the
nature of the measurement, that is, the relativedistance between the
two satellites is not adequate to determine the absolute position of
each. The orbit information from the GPS measurements alleviates
this singularity.Because the orbit estimation is tightly coupled with
the gravity estimation, the gravity information, as well as the orbit
information, from the GPS measurements is necessary to obtain a
well-conditionedsolution.

B. Gravity and Orbit Estimation
A batch � lter18 was used for the estimation process. The estima-

tion parameters include each satellite’s initial position and velocity
[initial conditions (IC)] (r1 v1

::: r2 v2/, force and measurement em-
pirical parameters for each satellite (Bdi ; Bm i /, common empirical
parameters between the two satellites (Bl), and gravity harmonic
coef� cients (Cnm ; Snm /:

X D [r1 v1

::: r2 v2

::: Bd1 Bd2

::: Bm1 Bm2

::: Bl
::: Cnm Snm ]T (7)

Details on the empirical parameters will be discussed in the next
section.Note that the orbit and gravity should be estimated simulta-
neously because of their high correlations. These parameters were
estimated by using the SST and GPS measurements, whereas the
ACC measurements replace the surface force models in the orbit
integrator.

The lowerpartof Fig. 2 depicts the estimationprocedure.The � rst
step involvescomputing the nominal or preliminary orbits by use of
the GPS measurements.This process forces the nominal orbits to be
in the linear region of the true orbits to apply the linear estimation
theory. This adjustment minimizes the solution dependency on the
initial orbit errors. Other simulation experiments con� rm that the

Fig. 2 Simulation procedure.

� nal gravity estimationaccuracy is not very sensitive to the nominal
orbit accuracy.

Along the nominal orbits, measurement partial derivatives with
respect to the SST or GPS measurements are computed. Then
each partial derivative is multiplied by an appropriatemeasurement
weight and accumulated to form an information matrix.13 These
SST and GPS information matrices are combined and used to esti-
mate the updates for the nominal parameters. New parameters are
obtained by adding the updates to the nominal values.

The measurement weights, especially the relative weights be-
tween the GPS and SST information matrices, are crucial to the
estimation accuracy. In the case of the simulations, it is possible
to determine accurate weightings because the applied noise level
is known.13 Real data processing requires an iteration process to
compute the optimal weightings. An optimal weighting method,19

which maximizes a likelihood function, will be used for the real
data processing.

C. Empirical Parameters
One of the ways for treating mismodeled or unmodeled mea-

surement error is to estimate empirical measurement parameters.
For the low–low SST measurements, low–low bias and drift were
estimated13:

½obs.t/ D ½nom.t/ C C0 C C1t C C2t 2

C .PC0 C PC1t/ cosu C .PS0 C PS1t/ sin u (8)

where ½obs.t/ is the observationof the biased instantaneousrange or
range rate. The nominal or computed value is ½nom.t/, and the lati-
tude argument of the two satellites’ midpoint is denoted by u. The
estimationparametersCi and Pi are part of the common parameters
Bl of Eq. (7). These bias parameters minimize the effect of the un-
known measurementbias B of Eq. (1) and the low-frequencyerrors,
especially the oscillatornoise residual. For the GPS measurements,
double difference biases were estimated to account for the phase
ambiguities.These are classi� ed as Bm1 and Bm2 of Eq. (7).

As with the empirical measurement parameters, empirical force
parameters were estimated to treat unmodeled forces acting on the
satellite. These parameters are part of the nominal force models.
The nominal ACC scale factors and biases, which are used to treat
the unknown scale factor and bias errors, can be classi� ed into this
category. As mentioned in Sec. II.B, the ACC measurement goes
into the orbit integrator,and it is not directlyused as an observation.
This is why the ACC parameters are treated as force parameters
instead of measurementparameters. The following equation relates
the ACC observation f obs with the inertial acceleration f I used for
the orbit integration:

f I D Robs
S ! I .

QMf obs C Qb/ (9)

The (3 £ 3) matrix Robs
I ! S , the transformationfrom the satellite body

� xed to inertial coordinates,can be obtained from the attitude mea-
surement, that is, the star camera. The nominal scale factor QM and
bias Qb are adjusted during the estimation process.These parameters
are classi� ed as Bd1 and Bd2 of Eq. (7).

IV. Simulation Description
The simulation procedure consists of two major parts, measure-

ment simulation and measurement processing. Two different force
and measurement models, truth and nominal, are used. The truth
model is used to generate the true motion and true observations.
The nominal or reference model is used to start the estimation pro-
cess and provides the basis for the � rst iteration in the estimation
process. The differencebetween the two models represents the cur-
rent uncertainty level of the force and measurement models. It also
enables determination of the sensitivity of the estimation accuracy
to the model errors.

Descriptions of the two models are given in Table 1 (see also
Ref. 20). This section describes the simulation procedure and the
orbit conditions.Then, the measurement (SST, ACC, and GPS) and
force models will be described.
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Table 1 Simulation parameters

Type Truth Nominal

Gravitational forces
Spherical EGM96 (120£ 120) EGM96 clone

harmonics (120£ 120)

Non-gravitational forces
Atmospheric drag Cannon ball model ——

Density: drag temperature model20

Solar radiation Box model ACC
pressure � ux/re� ectivity measurements

Earth radiation Box model (including noise)
pressure albedo/emissivity

Intersatellite measurement model
System noise 1¹m/

p
Hz at 230 km Low–low empirical

Oscillator noise ¼1= f 3 in range bias and bias rate
Multipath error 3 ¹m per milliradian

attitude variation

ACC measurement model
Bias 10¡6 Bias/scale factor
Scale factor 2% or
Random noise (1 C 0.005/ f ) £ 10¡20 m2/s4 /Hz constant tangential/
Alignment 0.3 mrad 1-CPR empirical
Attitude error 0.05 mrad white noise parameters

A. Simulation Procedure
A series of numerical simulations was performed to analyze the

effect of instrument noise and orbit conditions on the gravity es-
timation by changing the noise and orbit conditions. From those
results, one typical simulation result was selected for discussion
of the expected gravity accuracy. A spherical harmonic degree and
order 120 gravity � eld was estimated by using 32 days’ worth of
measurements.

Figure 2 shows a � ow chart of the simulation procedure. The
upper part is the measurement simulation, and the lower part is the
estimation process. In the actual measurement processing, the real
data replaces the upper part.

The � rst step of the measurement simulation is to generate sim-
ulated measurements using the truth models, that is, truth satellite
IC, truth gravity � eld, and truth nongravitationalforce models. The
simulatedSST, GPS, and ACC measurementsare obtained after ap-
plying the instrumentnoise. The time interval of the SST, ACC, and
GPS measurements were 10, 10, and 30 s, respectively.

The estimation process was already described in the preceding
section. This process estimates the differencebetween the truth and
nominal gravity coef� cients, which is used for correctingthe nomi-
nal gravity coef� cients.The last step is comparing the updatedgrav-
ity coef� cientswith the truth coef� cients.This differencerepresents
the expected gravity estimation error from the GRACE mission.

The SST range-rate measurements were used with the GPS and
ACC measurements.The simulation results showed that the gravity
estimation using the range rate was better than the range.13 These
results are subject to the numerical differentiation and parameter
estimation methods. The conclusion as to which data type is better
for the gravity estimation should be reserved until the real data are
processed.

B. Orbit Conditions
Each satellite orbit has an 88.5-deg inclination,448-kminitial al-

titude, and 0.001 eccentricity.Both of the satellites are in the same
orbit planes (tandem formation) and separated by 239 km. Other
simulation results showed that the use of slightly different orbits
(echelon formation) improved some gravity coef� cients,8;11 but the
improvement was not signi� cant.13 Also, the echelon formation re-
quires a higher degree of attitude control, and for this reason the
tandem formation was selected for the GRACE mission. More de-
tailson the selectionof the orbitconditions,for example,inclination,
altitude, etc., can be found in Ref. 13.

C. SST Error Model
For the realizationof the SST range measurement errors, two ap-

proaches have been tested. One simulates the one-way phase time

series with the measurement errors. Then a time series of noisy bi-
ased range is obtained from theseone-wayphases and corrections.16

This approach closely approximates the real data processing. The
other approach simulates the range time series with the range mea-
surementerrorscorrespondingto the overallphaseerrors.13;14 It uses
an analyticmodel to map the one-way phaseerror to the range error.
The latter approachis less computationallyintensiveandcan beused
for design studies.A comparisonof these simulationsdemonstrates
that the two approachesyield equivalent range errors. In this paper,
the second approach was used for simulating either noisy range or
range-rate measurements.

The SST oscillatornoise1½osc in Eq. (4) is a functionof the oscil-
latorcharacteristics,frequencyoffset,carrierfrequency,andsatellite
separationdistance. The GRACE satellite uses a quartz crystal type
ultrastableoscillator,2;14 and its Allan deviationsare about2 £ 10¡13

for an averaging period of 100 s. From this speci� cation, the phase
error from the oscillatorwas simulatedwith a Gauss–Markovmodel
(see Refs. 21 and 22) and then converted into the residual oscillator
drift.13;14

The time-tag related error 1½time in Eq. (4) can be ignored after
resampling the phase measurements with the corrected time tags.
With theGPS andInternationalGPS Servicenetworkdata, theactual
measurement time tag can be estimated accurately on the ground.
Other simulation experiments showed that the time-tag error effect
can be ignoredif the relativetime-tagerrorbetweenthe two satellites
has variabilitysmaller than 200 ps. The bias componentof the time-
tag error is not a concern because it is transferred to the range bias,
which can be adjusted by empirical bias parameters.

The system noise 1½sys was approximated as white noise for the
phase measurement.15 Its magnitude varies with the distance
between the two GRACE satellites or the signal-to-noiseratio. The
range error power spectral density (PSD) due to this system noise
was assumed as (1 ¹m/

p
Hz)2 for a 230-km separation. This dis-

tance correspondsto a 2-degseparationangle at the GRACE altitude
(300–500 km).

Because of the arbitrarily different geometric situations, there is
no general model of the multipath error 1½mp; however, with some
approximations cited in Ref. 13, it is possible to derive a simple
relationship between the attitude variation and a pessimistic multi-
path error model. Attitude simulation results from NASA Langley
Research Center/Analytic Mechanics Association, Inc., were used
to obtain an attitude variation time series4;23 and to realize the mul-
tipath error effects.

Figure 3 compares the PSD of the SST range errors due to the
individual error sources. The range error due to the ACC random
noise is also plotted for comparison. At the low frequency (less
than 2 £ 10¡3 Hz), the SST oscillatornoise is dominant.At the high
frequencies, the SST system noise is dominant. However, all three
SST errors are smaller than the ACC noise at the low frequencies.
Consequently, one can predict that the accuracy of the low-degree
(long-wavelength) gravity coef� cients will be mainly affected by
the ACC errors,whereas the high-degree(short-wavelength)gravity
coef� cients are mainly affected by the SST errors.

Fig. 3 Power spectrum of intersatellite range errors.
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D. ACC Error Model
Each GRACE satellite uses a SuperSTAR ACC developed by

ONERA. Its design requirement2 speci� es an accuracy of 0.1 nm/s2

for 10-Hzsamples and a full-scalerangeof 5 £ 10¡5m/s2 . The initial
(precalibrated)scale factors M and biases b are obtained during the
ground (pre� ight) test. For the simulation studies described here,
values of 2% and 10¡5 were used as errors for QM and Qb in Eq.
(9), respectively. These offsets were added to the ideal values, 1.0
(scale factor) and 0 (bias). The scale factor offsets are applied to
the diagonal elements of M . This matrix M may have nonzero off-
diagonal elements that re� ect the cross coupling among the three
axes. However, these effects on the GRACE ACC measurements
are negligible, and the scale factor matrix M was assumed to have
the diagonal elements only. A quadratic term (M 0 f 2/ is negligible
as well. After the on-orbit estimation process, the uncertainty of
the scale factor and bias can be reduced to 0.2% and 10¡6. These
are called postcalibrated values. After this calibration process, the
effects of the scale factor and bias offsets become negligible.

The ACC random noise S was modeled to have frequency-
dependent characteristics, and the design speci� cation for its PSD
was [(1 C 0:005= f /1=2 £ 10¡10 m/s2/Hz1=2]2. Because of a ground
test, one ACC axis has a lower accuracy than the other axes.14 The
normal (cross-track) direction was selected as the axis for this re-
duced sensitivity axis, which has a one order of magnitude higher
noise level than the other axes. Because the cross-track motion is
separatedfrom the in-planemotion in the linear region, this reduced
sensitivityhas a negligible effect on the orbit and gravity estimation
accuracy.13

The attitude measurement errors Rerr
I ! S of Eq. (6) are mainly

determined by the accuracy of two star trackers, and white noise
variationswere assumed for the errors in the measurements.For the
misalignment error (Rerr

S ! ACC/ of Eq. (5), values of 0.3 mrad were
assumed and remained constant through all data spans. The time
variability of the misalignment, which may be less than 0.1 mrad,
was not applied in this study.

To minimize the c.m. offset, the GRACE satellites perform c.m.
calibration maneuvers regularly to locate the c.m. position. With
this estimate, a c.m. trim mechanism adjusts the c.m. to be close to
the proof mass by means of a moving mass. After this adjustment,
the c.m. offset becomesvery small.Becauseother simulationresults
showed that the fc:m: can be negligiblewith smooth attitude motion,
fc:m: was not included in this paper.

One of the other errors, fother, results from thruster � ring, which
mightnotbeperfectlymeasuredby theACC due to its shortduration.
This error can be minimized by applyinga properACC � ltering and
orbit integration method. Because this error is being investigated,
fother was not included in this paper.

Figure 4 compares the power spectrum of the individual ACC
errors for a 450-km orbit altitude. The nongravitational accelera-
tion is also plotted for comparison.The random noise is larger than
the other errors. Both the attitude and misalignmenterrors affect the
ACC measurementthrough interferencefrom the other axis compo-
nents. Therefore, their magnitudes are dependent on the magnitude
of the ACC input, that is, nongravitationalaccelerations, such that

Fig. 4 Power spectrum of ACC errors at 450-km altitude.

these errorsbecomemore signi� cant for lower-altitudeorbitswhere
larger atmospheric drag is present. The nongravitational accelera-
tion at 300-km altitude (minimum mission altitude) is about one
order of magnitude higher than the 450-km altitude acceleration.
The corresponding attitude and misalignment errors are one order
of magnitude higher as well.

E. GPS Error Model
This study focused on the SST and ACC measurement errors be-

cause they are the major error sources affecting the gravity solution.
For this reason, a relatively simple model was applied to the GPS
measurements.The GPS tracking scenario assumed a constellation
of 24 GPS satellites and 6 GPS ground stations. To analyze the ef-
fect of the numberof stations, some experimentswere performedby
changing the number of stations from 6 to 24, but the gravity solu-
tion improvementwas insigni� cant.13 For this reason, the numberof
ground stationswas limited to six. The GPS receiverswere assumed
to track all of the visible satellites. The elevation cutoff angles for
the ground and � ight receivers were 15 and 0 deg, respectively.

Gaussian random (white) noise with 5-mm standard deviation
was applied for the single-phase-derivedrange measurements.The
measurements were assumed to be corrected for ionosphereeffects.

F. Force Models
The EGM96 model,1 which is a set of spherical harmonic coef� -

cients,was usedas the truthgravity� eld.A cloneofEGM96, created
by adding random numbers to the EGM96 coef� cients, was used as
the nominal gravity � eld. The difference between the clone and
truth gravity coef� cients represents the uncertainty level (1¾ ) of the
truth model. Other experiments showed that the gravity estimation
accuracy is not sensitive to the choice of the gravity models. Vari-
ous gravity models (e.g., different realizations of the clone models,
JGM3, estimated gravity models from the � rst estimations, etc.)
were tested for this purpose.

The Earth gravity � eld has both mean and time-varying gravity.
The latter effect, including the tidal effect, can be compensated by
use of an accuratenominal time-varyinggravity model. Because the
time-varyinggravity study is being investigated,only mean gravity
was considered in this paper.

For the truthnongravitationalaccelerations,atmosphericdrag,so-
lar, and Earth radiationpressurewere applied.A simple atmospheric
model that assumes a constant area in the direction of the relative
wind was used, where the atmospheric drag was most dominant at
the GRACE altitude (less than 500 km). The simulated ACC mea-
surementswere used for the nominalnongravitationalaccelerations.

V. Simulation Results
A. Computation Time and Solution Consistency

This estimation process is very complicated and computation-
ally demanding. One simulation requires four orbit determina-
tion/simulation runs and two solver runs, as well as several other
utility programs. One set of the simulation takes several days to
complete with a CRAY SV1 supercomputer.This kind of complex-
ity and computational time makes it dif� cult to apply comprehen-
sive accuracyanalysis, for example, Monte Carlo analysis. It can be
shown that, within the linear region, the mean and covariance from
a Monte Carlo simulationagree with the mean and covariance from
a linear estimation approach. The number of estimation parame-
ters [more than 15,000 for a (120 £ 120) gravity estimation] leads
to questions related to parameter observability. If the information
matrix is formed without any a priori information and if it can be
inverted, the complete parameters set is observable, that is, it can
be estimated. The observability of this problem is tied to the spa-
tial distribution of the observations, and it has been demonstrated
that an orbit arc length of 30 days provides global coverage and
will yield a well-conditioned information matrix. The gravity co-
variance analysis results are included as part of the overall accuracy
assessment.

Numerous simulations were performed with orbit and measure-
mentmodelssimilar to the simulationdescribedin this paper.Except
for the accuracy difference due to the model differences, all of the
results showed a similar level of accuracy. With the assumption that
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Fig. 5 Low– low intersatellite range and range-rate observables.

Fig. 6 Expected geoid height error from GRACE mission.

all of the signi� cant error sources were applied in the simulations
and an optimal estimation method was used, one can predict the
estimated gravity accuracy from these simulation results.

B. SST Signal Characteristics
Figure 5 shows the time series of the typical range and range-

rate signals. The amplitude of the range signal variation is about
1 km with a mean value of 239 km. The amplitude of the range-rate
variation is about 1 m/s. Because the timescale is short, the secular
effect, which dominates the long-termsignal, is not shown in Fig. 5.
One orbit period is around 5500 s and the 1 cycle per revolution
(CPR) frequency is about 1.8 £ 10¡4 Hz.

The 1-CPR component, which is the dominant signal, is mainly
due to the orbit eccentricity.The next dominant signal is the 2-CPR
signal, which is due to the Earth’s oblateness (J2/. The high-
frequency gravity signal is ampli� ed in the range-rate observation
due to the differentiationprocess.This ampli� cation can be clari� ed
in the spectral domain.

C. Expected Gravity Accuracy
The expected geoid height errors are presented in Fig. 6. The

geoid represents a speci� c equipotential surface,1;15 and this accu-
racy is directly related to the gravity � eld accuracy. The solid line
labeled Diff. is computed from the differencebetween the truth and
estimated gravity coef� cients. The dotted line labeled Cov. is com-
puted from the covariancematrix. The gravity coef� cient errors are
averaged for each degree, and the plot in Fig. 6 represents the over-
all error of the 14,000C parameters. The differenced results show
a good agreement with the covariance results. It shows up to 1000
times improvement over the current knowledge as represented by
the EGM96 model.

A worst-case scenario was also performed, assuming the fail-
ure of the two ACCs. The nominal nongravitational accelerations
predicted from a nominal force model replaced the ACC measure-
ments, whereas the low–low SST measurement was still available.

This less-accuratenongravitationalinformationdegradesthegravity
solution by two orders of magnitude, and the gravity improvement
is con� ned to a very low 30 deg or less. However, it still shows some
improvementover the currentknowledgelevel.For a mission longer
than 30 days, a more signi� cant improvement would be obtained.
The differenced results show a lower accuracy than the covariance
results. Although the gravity accuracy from this simulation is lim-
ited to the speci� c orbit and measurement model conditions, one
can expect that the accuracy from the actual mission goes between
the nominal and worst cases.

D. Orbit Accuracy
The primary objective of this study is the analysis of the gravity

accuracy, rather than the orbit accuracy. Most of the estimation al-
gorithm developmentsare devoted to improve the gravity accuracy.
In addition, the orbit accuracy is more sensitive to the simulation
conditions than the gravity accuracy. For this reason, the details on
the orbit accuracy results are not included in this paper. An orbit
accuracy study, for instance, the observability analysis and devel-
opment of an optimal estimation technique for the low–low SST,
can be a future topic.

As with the gravityaccuracyimprovement,a signi� cant improve-
ment was observed for the orbit accuracy. This is because of the
characteristics of the dynamic orbit determination method, which
depends on the dynamic model accuracy. In addition, the high-
precisionACC minimizes the nongravitationalmodeling error. This
improvement demonstrates the importance of the gravity � eld ac-
curacy in satellite orbit determination.

Althoughthe orbitaccuraciesof other low-altitudesatelliteswith-
out ACCs are still limited by the nongravitational errors, we can
expect that the accurate gravity � eld from the GRACE mission will
improve the orbit accuraciesof the previous satellites, for example,
GEOSAT, ERS-1, etc., whose orbit errors mainly resulted from the
large gravity errors.

VI. Conclusions
Two major instrument models of the GRACE mission, the low–

low intersatellite rangingand the ACC, along with their major error
sources, were described. The ACC error is dominant in the low
frequency, whereas the intersatellite range error is dominant in the
high frequency. Therefore, the estimation of the long-wavelength
gravity � eld is mainly limited by the ACC error, but the estima-
tion of the short-wavelength � eld is limited by the intersatellite
range error. To the extent that the error sources assumed in these
simulations represent the actual error, the GRACE mission can
achieve signi� cant improvement in the study of the Earth’s gravity
� eld.
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