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The dynamic precise orbit determination of a Low Earth Orbit satellite using triple differ-
enced GPS phases is presented in this study. The atmospheric drag parameters are estimated
to compensate the incomplete atmosphere model for better precision of the orbit solution.

In addition, the empirical force parameters, especially once- and twice-per-revolution com-
ponents, along with the new IERS Conventions and models to compute the perturbing forces
are introduced to absorb the remaining unmodelled forces. The optimal arc length for the

parameterization and the data processing strategy are also tested and analyzed for the best
orbit solutions. The triple differencing technique enables fast and efficient orbit estimation,
because no ambiguity resolution and cycle slip detection are required. With the triple dif-
ferenced ion-free GPS phase observables, the orbit and the velocity solutions for 24 hours

of CHAMP are calculated; they compare with the published Rapid Science Orbit with the
accuracy of 8 cm and 0.12 mm/s in 3D RMS for the orbit and the velocity, respectively,
and are statistically consistent with the RSO when it is not better than 4 cm in terms of an

absolute accuracy. The approach presented here provides an efficient and simple, but
robust, alternative approach, while the solution’s accuracy is still comparable to the double-
difference results.
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1. INTRODUCTION. During the last decade, many Low Earth Orbit (LEO)
satellites, including TOPEX/POSEIDON (Tapley et al., 1994), have been launched
for scientific purposes at altitudes ranging from 400 km to 1300 km, and more new
missions are expected in the next few years. These LEO missions carry space-grade
Global Positioning System (GPS) receivers onboard, and the measurements from
the GPS satellites are used as observations for precise orbit determination (POD) of
these satellites. To meet the science mission objectives, precise orbit determination
of the LEO satellites must be guaranteed, although the required accuracy may differ
for various applications. For example, in GPS meteorology applications, 4 cm of the
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vertical coordinate error of a tracking station (which corresponds to LEO in this
case) can introduce more than 10 mm of bias into the total zenith delay (TZD), de-
pending on the quality of the GPS orbit solutions (Ge et al., 2002). Apart from the
accuracy, the latency of the orbit solution is critical in the weather forecasting ap-
plication. In order to provide the atmospheric profiles within three hours, the LEO
precise orbit should be available within two hours. Currently, the Rapid Science
Orbit (RSO) can only be delivered with the latency of up to 14 hours (König et al.,
2002). With the successful TOPEX/POSEIDON mission, numerous efforts were un-
dertaken to develop efficient and accurate algorithms for precise orbit determi-
nation using GPS measurements, and these have been successfully applied to
various LEO missions. With the recently improved quality of the space-grade GPS
receivers, the LEO dynamic orbit can be obtained in the post-mission mode at the
sub-decimetre accuracy, as compared to the Satellite Laser Ranging (SLR) (Kuang
et al., 2001). A triple-differenced kinematic POD shows an accuracy of 15–30 cm in
3D RMS, as compared to the published dynamic orbits, depending on the data
quality and continuity (Kwon et al., 2003). This solution, however, can be available
within only 1.5 hours from the data collection for the 24-hour orbit.

In dynamic orbit determination, the level of the physical model complexity in the
orbit determination process depends on the altitude of the satellite and its body
characteristics. In the case of GPS, the orbits are high, and thus, smooth enough to
justify the use of only the low degree and order gravitational harmonics.
Furthermore, the atmospheric effect is negligible at GPS altitude. The LEO satellites,
however, experience highly complex orbital dynamics due to the significant impact of
the high frequency Earth gravity field components and atmospheric effects, which
make it difficult to achieve an accurate orbit solution for LEO. Therefore, the
atmospheric drag and the empirical force modelling for the remaining forces are
essential for the high-accuracy LEO orbit determination. In this paper, LEO dynamic
orbits are estimated using the triple differenced GPS ion-free carrier phase
observables; also, special attention is paid to the atmospheric and empirical force
modelling. The effects of these dynamic forces in the dynamic orbit solutions are
thoroughly investigated.

The algorithms developed in this study were applied to the measurements from the
CHAMP (CHAllenging Minisatellite Payload) satellite. CHAMP was launched in
July 2000 and is designed for static Earth gravity field recovery, magnetic field map-
ping and atmospheric/ionospheric profiling (CHAMP, 2005). The CHAMP satellite
has been placed in an almost circular, near polar orbit with an initial altitude of
450 km, and is managed by the German GeoForschungsZentrum (GFZ).

2. DYNAMIC ORBIT DETERMINATION. The kinematic approach to
POD depends entirely on the observational geometry and the GPS signal conti-
nuity, thus a purely kinematic solution might not always be of sufficient quality and
continuity due to insufficient observations and poor geometric configuration (Byun,
2003). In the dynamic POD, however, all forces acting on the satellite are com-
puted, based on the physical principles and models, and integrated numerically to
estimate the initial state vector (position and velocity at the initial epoch) along
with other unknown parameters, such as the scaling factors for the atmospheric
drag and solar radiation pressure.
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These parameters are connected to the GPS measurements via the variational
partials, therefore the final orbit solution can be improved by estimating these
unknown parameters together with the initial state vector. Once the initial state
vector and other dynamic parameters are estimated, the state vector for the
following epochs can be propagated using the force models used in the esti-
mation process, thus the errors in the dynamic approach will grow as the arc length
increases.

In practice, many coefficients for the empirical forces are included in the dynamic
orbit determination to absorb the unmodelled forces. Sometimes pseudo-stochastic
pulses are set up at the pre-determined epochs and time intervals to introduce the
velocity change in a pre-determined direction (Bock, 2003).

The equation of motion of the satellite is generally expressed in the Earth Centred
Inertial (ECI) frame as follows (Hugentobler et al., 2001) :

«r=x
GM

r3
r+a(t, r, �r, p), (1)

where
r : 3r1 satellite position vector in the inertial frame at time t ;
r̈ : total acceleration of the satellite at time t ;
GM : product of the gravitational constant and the mass of the Earth;
r : magnitude of the position vector r ;
a : total perturbing forces ;
t : time, at which the acceleration is calculated;
r· : velocity of the satellite at time t ;
p : parameter vector, which induces the perturbing acceleration.

The total perturbing forces, a, represent the third-body gravitational forces, atmos-
pheric drag, solar radiation pressure and/or some empirical force terms which nor-
mally account for all unmodelled forces, including the nonspherical part of the
Earth’s gravity field. These perturbing forces as well as the Keplerian accelerations
are computed at each epoch and then numerically integrated to get the position and
velocity of the satellite at that epoch. The obtained position and velocity of the sat-
ellite are used to validate the measurements from GPS satellites at the same epoch,
and finally update the unknown parameter vector including the initial state vector, as
mentioned earlier.

Table 1 shows the summary of the models and the conventions that are related to
the perturbing forces and are used in this study. EIGEN2 is the geopotential model,
degree and order up to 140, which is generated from six months of CHAMP data
only. Solid Earth tides are implemented for both temporal variation of the geo-
potential coefficients and the displacement of the IGS ground stations based on IERS
Conventions (2003). For the ocean tides, CSR 3.0 model obtained from the analysis
of TOPEX/POSEIDON altimeter data is used. Only the Moon and the Sun are
considered for the third-body perturbations. The equation of motion can be solved by
the numerical integration method in the inertial frame, therefore all the coordinates
and the force components computed in the terrestrial frame should be transformed
into the inertial frame. For this transformation, new IAU 2000A resolutions are used
for the precession/nutation model, based on the reference origin at J2000.0. It should
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be mentioned that the published IGS stations refer to a certain reference epoch,
thus the velocity of the station should be applied to compensate for the plate
tectonic motion. Since the atmospheric and empirical force modelling is critical in
dynamic orbit determination of LEO, theses models are described in detail in the next
section.

3. ATMOSPHERIC AND EMPIRICAL FORCE MODELLING.
While the conservative forces and the tidal variations can be modelled very accu-
rately, the challenge rests in modelling the nonconservative forces, especially atmos-
pheric drag. Atmospheric drag is the most dominant of all nonconservative forces
at LEO altitude, which amounts to approximately 1000 m of orbit error after two
revolutions (Bae, 2005). Accurate modelling of the atmospheric force is not an easy
task due to the incomplete knowledge of the physical properties of the atmosphere
and the varying attitude of nonspherical, irregularly shaped satellites with respect to
the atmospheric particle flux (Montenbruck and Gill, 2001). To make up for this
inaccuracy in the atmosphere models, the scaling factors for the atmospheric forces
are usually estimated in the orbit determination process.

Figure 1 shows the total mass density variation along the CHAMP trajectory using
the NRLMSISE-00 (NRL Mass Spectrometer, Incoherent Scatter Radar Extended
Model) atmosphere model. This model was developed, based on the satellite mass
spectrometer and ground-based incoherent scatter data, to provide a single analytic
model for calculating temperature and density profiles (Hedin, 1991). It is a function
ofmany different variables, i.e., local time, latitude, annual/semiannual, and longitude
variations. This model is expanded in terms of the lower-order spherical harmonics
and the Fourier series with the parameters of the temperature profile and density
boundary conditions at 120 km. Thus, it allows for an easy determination of tem-
perature and density profiles for specific geographic and solar/magnetic parameters.
It should be noted that the atmospheric density repeats itself for every orbit with a
slight change; therefore, the time interval for the estimation of the coefficients is an
important issue for the precise orbit determination.

Table 1. Summary of the strategies for the dynamic precise orbit determination.

Model Standard

Geopotential EIGEN2 (140r140)

Earth orientation parameters IERS Bulletin B

Solid Earth tides IERS Conventions (2003)

Ocean tides CSR 3.0

Atmospheric density NRLMSISE-00

Third body Moon and Sun

Conventional inertial system J2000.0

Terrestrial reference frame ITRF2000 (velocity applied)

Precession/Nutation IAU 2000A

Planetary ephemeris JPL DE405

Relativistic correction IERS Conventions (2003)

Tidal displacement of stations IERS Conventions (2003)

Reference ellipsoid CHAMP reference ellipsoid
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The atmospheric drag can be modelled using the well-known equation
(Montenbruck and Gill, 2001)

«r=x
1

2
CD

A

m
rv2rev, (2)

where m is the mass of the spacecraft ; CD is the drag coefficient which is a
dimensionless quantity describing the interaction of the atmosphere with the satellite’s
surface material ; r is the density of the atmosphere; A is the area of the satellite
surface perpendicular to the satellite velocity; vr is the velocity of the object relative to
the atmosphere

vr=vxvrr, (3)

and its unit vector and the magnitude is given by

ev=
vr

jvrj
, vr=jvrj (4)

with the velocity vector v and the position vector r of the satellite in the inertial frame,
and the Earth angular velocity vector v.

The drag coefficient, CD, known also as the scaling factor, is used to compensate
the incomplete density model ; therefore, it is the primary unknown in the LEO dy-
namic orbit determination. The partial derivatives of the acceleration with respect to
the drag coefficient, CD, consist of two parts, as shown in Equation (5):

@€rr

@CD
=

@€rr

@CD
+

@€rr

@r

@r

@CD
: (5)

Figure 1. Atmospheric density variation along the CHAMP trajectory based on NRLMSISE-00.
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The explicit component of the partial derivatives (first term on the right side of
Equation (5)) can be easily computed from Equation (2). The implicit component,
however, requires a numerical integration of Equation (5) up to the current epoch. It
should be mentioned that the density variation is not so sensitive to the positional
change because the density is a small value compared to the magnitude of the position
vector, and changes very smoothly at the CHAMP altitude, as can be seen in the
density model.

Another important parameterization is the empirical force modelling. Although a
considerable number of orbit errors can be removed through the estimation of the
atmospheric drag coefficients, as explained above, there still remains an unmodelled
force. Therefore, it is impossible to model the forces acting on the satellite in a true
and pure dynamic approach. This can be dealt with as empirical force modelling,
depending on the frequencies to be modelled. Since the unmodelled force has periodic
properties, once-per-revolution and possibly twice-per-revolution components are
usually modelled in the dynamic POD approach. Due to the dynamic coupling be-
tween the along-track and the radial components, only the cross-track and the along-
track components are modelled to avoid ill-conditioning the system (Boomkamp,
2004, personal communication). The once-per-revolution empirical force in RTN
(Radial, Transverse and Normal) frame can be modelled as a sum of the sine and the
cosine terms in each direction as follows:

€rrcross=Cc cos(u)+Sc sin(u),

€rralong=Ca cos(u)+Sa sin(u),
(6)

where
Cc,Sc,Ca,Sa : coefficients of the sine and the cosine terms in each direction;
u : argument of latitude of the satellite.

Since the empirical forces are modelled in the RTN frame, these should be trans-
formed into the inertial frame to be combined with the remaining accelerations. This
transformation matrix can be computed using the satellite inertial position and vel-
ocity, and is given as follows:

€rrinertial=
€xx
€yy
€zz

2
4

3
5=

N1 T1 R1

N2 T2 R2

N3 T3 R3

2
4

3
5

€rrcross
€rralong
0

2
4

3
5, (7)

where

R= R1 R2 R3½ �T=r=jrj,
N= N1 N2 N3½ �T=vrR,

T= T1 T2 T3½ �T=RrN

(8)

with the position vector r and the velocity vector v of the satellite in the inertial frame.

4. TRIPLE DIFFERENCING TECHNIQUE. The double-differenced
(DD) GPS carrier phase measurements are widely used as observables in the orbit
determination procedure. This is because, through differencing, most of the
error sources are removed, including the GPS satellite and receiver clock errors ;
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moreover, the integer ambiguity fixing provides strong constraints to the positioning
solution. In the real applications of the LEO orbit determination however, since the
baselines between the tracking stations and LEOs are normally very long (hundreds
to thousands of kilometres), it is not easy to resolve the integer ambiguities due to
the residual ionospheric effects (Byun and Schutz, 2001). The reported success rate
of the ambiguity resolution is at the level of about 40%, based on fixing the wide-
lane ambiguities, and about 18% of the subsequent narrow-lane ambiguities
(Švehla and Rothacher, 2003). In addition, the number of unknown ambiguities ac-
count for most of the unknown parameters in the double-difference dynamic POD.

In order to avoid the time-consuming and complicated ambiguity resolution pro-
cess the triple differenced, ion-free, GPS carrier phase data are used as primary ob-
servations in this study. The triple differencing technique for orbit determination was
first applied for the GPS satellites in a dynamic approach by Grejner-Brzezinska
(1995), and for the LEO satellites in the kinematic application by Kwon et al. (2003) ;
it was also used for the geodetic network adjustment (Eren, 1986) or as a priori
solution for the double-differenced approach (Byun and Schutz, 2001). Remondi and
Brown (2000) present an interesting implementation of triple-differenced carrier
phases combined with double-differenced code measurements in a delayed-state
Kalman filter in static and dynamic positioning. The most pronounced advantage of
the triple differencing technique is that the unknown phase ambiguities are entirely
removed; thus the size of the normal equations is significantly decreased while the
solution quality is equivalent to the double-difference float solution, as proved by
Schaffrin and Grafarend (1986). Besides the removed nuisance parameters, there is no
need to detect and correct the cycle slips because these are treated as data outliers and
removed during the estimation process by the residual cut-off (threshold) criterion.

In triple differencing, however, the measurement noise is amplified, and the ob-
servations are correlated epoch by epoch due to the differencing in time. In addition,
the potentially strong constraints coming from the fixed integer ambiguities are lost.
However, this disadvantage should be perceived in the context of the relatively low
level of reported success in the ambiguity resolution in the double-differencing mode,
as already mentioned. Also, the correlation can be resolved by a simple and efficient
algorithm, which decomposes the covariance matrix using the Cholesky factorization
(Kwon et al., 2003). The triple-differenced GPS carrier phase observables are given as
follows (Grejner-Brzezinska, 1995) :

Wkl
ij, 1, dt=rklij, dt+T kl

ij, dtx
I kl
ij, dt

f 2
1

+eklij, 1, dt, (9)

Wkl
ij, 2, dt=rklij, dt+T kl

ij, dtx
I kl
ij, dt

f 2
2

+eklij, 2, dt, (10)

where
W : GPS carrier phase measurement in distance unit ;
r : geometric range between the transmitter and the receiver;
f : frequency of the carrier phase;
I/f 2 : ionospheric refraction;
T : tropospheric refraction;
e : measurement noise for phase measurement.
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Superscripts k and l represent the transmitters (GPS satellites) and subscript i and
j represent the receivers ; number 1 or 2 in the subscript means that the corresponding
term is referred to L1 or L2 signal, respectively ; the subscript dt represents the
time difference of the consecutive double-differenced observables. The ion-free com-
bination of the triple-differenced GPS carrier phase observables can be written as
follows:

Wkl
ij, ionxfree, dt=

f 2
1

f 2
1 xf 2

2
Wkl

ij, 1, dtx
f 2
2

f 2
1 xf 2

2
Wkl

ij, 2, dt: (11)

5. PROCESSING STRATEGY AND NUMERICAL TEST. The triple
differencing POD approach is designed to compute the orbit solution in near real-
time to support the GPS meteorology for atmospheric profiling; thus it is import-
ant to satisfy the requirement of the processing efficiency as well as the orbit
accuracy. To demonstrate the application of this technique, 26 hours of CHAMP
data collected on 15 February 2003 are processed in this study. Usually a 30-hour
arc (24 hours of data plus 3 hours of data before and after each day) is used for the
LEO dynamic POD to reduce the edge effect of the orbit solution. However, as
mentioned earlier, the initial state vector is estimated using the observations of the
entire arc ; thus, the orbit solution at the beginning of the 24-hour arc is sufficiently
accurate and the redundant parts before/after the primary 24-hour arc are normally
discarded. Another reason is that the 30-hour arc causes only a little improvement
in the 24-hour primary arc, compared to the case of the 26-hour solution. For these
reasons, a decision was made to estimate 24 hours of arc of each day plus 2 extra
hours of arc next day for the efficiency of the computations.

The triple difference observables can be obtained through epoch-by-epoch differ-
encing of the consecutive double-differenced observables. The baseline is composed
of a LEO at one end and an IGS ground station at another. The elevation cut-off
angles are set to 16 degrees for 43 IGS ground stations and 10 degrees for the
CHAMP satellite. It should be mentioned here that CHAMP has an altitude of more
than 400 km thus there is no tropospheric effect on GPS measurements in the LEO
case and it is set to zero in the data processing.

While the GPS measurements from the CHAMP receiver are provided in
10-second intervals, data points at the 30-second interval are provided by the IGS
stations ; thus, the GPS triple difference measurements are formed every 30 seconds.
The a priori values for the initial state vector can be obtained from the adjustment of
the previous day’s orbit. For this study, the uncertainties of the initial state vector
are set to 1 m and 0.1 m/s for the position and velocity, respectively. The variable
order and step size numerical integrator is used which provides the output at
30-second intervals and corresponds to the time interval of the RSO solution. The
total tropospheric delay for the IGS ground stations was corrected using the modified
Hopfield model (Goad and Goodman, 1974). The NRLMSISE-00 model is used for
the atmospheric drag force modelling, with the area-to-mass ratio of the CHAMP
satellite given as 0.00138 m2/kg. For simplicity, the cannon ball model is used for the
modelling of the satellite’s body to compute both the atmospheric drag and the solar
radiation pressure.
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Figure 2. Orbit errors for the ‘‘reference case’’ w.r.t. the RSO in the RTN frame.

Figure 3. Internal consistency of the orbit solution; the ‘‘reference case’’ vs. 30 hours of arc.
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The estimated parameters and strategies used in this study (called the ‘‘reference
case’’) are summarized in Table 2. It should be noted that only 121 parameters are
estimated for one full day orbit since there are no ambiguity parameters ; a significant
computation load reduction, as compared to 13200 ambiguity parameters (from
about 100 IGS ground stations) in the double-differenced dynamic POD (Švehla and
Rothacher, 2003). The processing time to estimate the 121 parameters for the 26-hour
arc is about 2.5 hours (30 minutes per iteration) on a 3 GHz PC platform.

6. ANALYSIS OF THE ORBIT SOLUTION. In most research on sat-
ellite orbits, the results are validated by their comparison to an independent method,
such as Satellite Laser Ranging (SLR) or altimeter crossover data; or by an internal
check for the overlapping arcs, in the absence of the absolute reference orbit. Since
the RSO is assumed to be the best orbit available, the triple difference-based
CHAMP orbits are compared to the RSO in this study. As a first step of the com-
parison, the consistency test between two orbit solutions was performed. This can
be done by testing the sum of the residuals with the given stochastic constraints of the
published RSO. Let the Gauss-MarkovModel with stochastic constraints be given by

y=Anrmjmr1+e, e � (0, s2
0P

x1), (12)

z0=Klrmjmr1+e0, e0 � (0, s2
0Q0), C{e, e0}=0, (13)

where n denotes the number of observations, m the number of unknown parameters
and l denotes the number of stochastic constraints. In order to check the stochastic
constraints to be consistent with the observation model, it is necessary to test the null
hypothesis of

Ho : z0 � N(Kj, s2
0Q0) (14)

with the alternative hypothesis of

Ha : z0 � N(E{z0}lKj, s2
0Q0): (15)

The test statistics for the hypothesis testing can be represented by

T :¼ R=l

V=(nxm)
� F(l, nxm), (16)

where V represents the sum of squared residuals from the original model, and
R denotes the change of the sum of squared residuals due to the stochastic constraints.

Table 2. The estimated parameters for the ‘‘reference case. ’’

Parameter Frequency Number

Initial state vector Position — 3

Velocity — 3

Atmospheric drag One per hour 26

Solar radiation One per arc 1

Empirical force Once/rev. Every orbit 68

Twice/rev. Every four orbits 20

Total 121
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Figure 4a. Fourier spectrum of STAR accelerometer data for CHAMP (along-track).

Figure 4b. Fourier spectrum of the orbit error (along-track).
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As can be seen in Equation (16), the test statistics follow the F-distribution with the
degree of freedom of l and nxm. Let a be the significance level of the test. Then, the
null hypothesis, Ho, is rejected if T>Fa(l,nxm).

Table 3 shows the results of the test statistics with the significance level of 5%. The
total of 3110 epochs of CHAMP orbit is constrained with the accuracy given in the
table, while the total number of 139,225 observations is used in the adjustment. From
this table, it can be concluded that these two orbits are consistent as long as the
accuracy of the published RSO is not better than 4 cm. Thus, despite different models
used in both solutions, the final results are statistically consistent. Thus, any further
improvement in the orbital solution can be only achieved with the new information,
i.e., another type of measurement would be required.

Table 4 shows the resulting orbit solution for different degree and order of the
geopotential model used. The geopotential model used in this study, EIGEN2, has a
maximum degree/order of 140. As can be expected, considering CHAMP’s altitude,
the CHAMP orbit is visibly sensitive to the degree/order up to 70 and only moderate,
but increasing, improvement can be obtained for the higher degree/order.

One thing to be noted here is that the error in the along-track direction is almost
two times that of the other two components, especially in the case of the solutions
with the degree/order 120 and 140. This comes from the fact that the most dominant
nonconservative force, atmospheric drag, is in the opposite direction of the along-
track component. In reality, the along-track component diverges the fastest if the
atmospheric drag is not modelled appropriately.

Figure 2 illustrates the orbit solution in the RTN frame for the ‘‘reference
case, ’’ i.e., the case of the geopotential degree/order 120 and 1 hour interval for the
atmospheric drag parameter estimation. The orbit error is plotted for the 24-hour

Table 3. The test statistics for consistency test.

sRSO 5 cm 4 cm 3 cm d.o.f

V 144852.293 144852.293 144852.293 139104

R 6599.331 9070.863 13620.958 9330

T 0.679 0.934 1.402

accept Ho accept Ho reject Ho

Table 4. Orbit errors for different degree/order of the gravity models w.r.t. the RSO in the RTN

frame (unit: cm).

Degree/order N T R 3D

50r50 Mean x1.50 2.49 x2.28

Std. 17.66 16.72 10.33 26.42

70r70 Mean x0.86 1.59 x2.36

Std. 4.99 7.52 3.92 9.84

90r90 Mean x0.89 0.54 x2.08

Std. 4.33 6.31 3.57 8.45

120r120 Mean x0.76 1.39 x1.93

Std. 3.80 6.10 3.33 7.91

140r140 Mean x0.73 1.38 x1.94

Std. 3.77 6.07 3.30 7.87
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span, although it converged for the entire 26 hours of arc. Another orbit accuracy
assessment can be obtained by the internal consistency check of the overlapping arcs.
Figure 3 shows the 24-hour orbit difference between the ‘‘reference case’’ and the
30-hour arc, which extends 3 hours before and after one full day. As can be seen in
the figure, the two orbit solutions are close to each other, except for the first few
epochs; the results show the difference of less than 1.3 cm of RMS in each direction
and 2 cm in 3D RMS (not shown in this figure). The difference at the beginning of
the arc is due to the fact that the coordinates at the first epoch were unknown in the
‘‘reference case, ’’ and no epochs were estimated before the first epoch.

Table 5. The statistics of orbit relative to the ‘‘reference case’’ with various time interval for

the atmospheric drag parameter estimation.

Drag interval N T R 3D

1 hr Mean x0.76 1.39 x1.93

Std. 3.80 6.10 3.33 7.91

2 hrs Mean x0.76 0.12 x1.85

Std. 3.81 6.67 3.31 8.36

4 hrs Mean x0.75 x0.23 x1.80

Std. 3.74 8.53 5.24 10.69

8 hrs Mean x0.81 0.35 x2.15

Std. 5.80 25.24 21.61 33.73

10 hrs Mean x0.68 0.75 x2.05

Std. 5.36 19.94 15.90 26.06

Figure 5. Velocity errors in the RTN frame for the ‘‘reference case’’ w.r.t. RSO.
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As discussed earlier, the force modelling of the satellite dynamics is not accurate
enough for the precise orbit determination. Therefore, the empirical force parameters
can be included in the state vector to improve the orbit solution. A closer look at the
STAR accelerometer data reveals the periodic properties of the once- and twice-
per-revolution nonconservative forces (Figure 4a), which are predominantly in the
along-track component. Figure 4b shows the orbit solution of the ‘‘reference case ’’
after these empirical parameters are modeled in the dynamic POD, that is, once- and
twice-per-revolution components are significantly reduced in the Fourier spectrum of
the orbit error in the along-track direction. One thing that should bementioned here is
that the along-track and radial components are estimated for the twice-per-revolution
empirical forces, which gives better results than the other case (i.e., estimating the
cross- and along-track components). This is not clearly understood and should be
investigated further.

In order to find out the optimal arc length of the atmospheric drag force par-
ameters, a total of five different cases were tested based on the ‘‘reference case ’’
(Table 5) ; the atmospheric drag parameters are estimated every 1 hr, 2 hrs, 4 hrs, 8 hrs
and 10 hrs of arc, where 1 hr arc case corresponds to the ‘‘reference case. ’’ The results
suggest that the orbit errors will dramatically increase if the drag coefficient is esti-
mated with the frequency less than once every 4 hours. This is because the atmos-
pheric density at CHAMP altitude can fluctuate rapidly due to the varying density of
the Sun flux particles and changing geographic location of the CHAMP satellite.

The velocity of the CHAMP satellite is obtained simultaneously by solving the
equations of motion of the satellite in the dynamic POD through the numerical in-
tegration techniques. Figure 5 shows the velocity errors in each component of the
CHAMP satellite. The velocity errors are computed by differencing the estimated
satellite velocity with the published RSO velocity which is then transformed to the
inertial frame. One thing to be noted here is that the noise level of the three com-
ponents is almost the same, although the along-track component is still a little higher
than the other two. The resulting velocity errors are at the level of 0.07 mm/s in each
component and 0.12 mm/s in 3D RMS. These RMS of fit results are comparable or
even better than the precision of fit of the CHAMP dynamic velocity estimates among
the POD analysis centres, which were computed by cross-comparison among the
solutions and reported at below 0.1 mm/s level (Švehla and Rothacher, 2003).

7. SUMMARY AND CONCLUSIONS. The dynamic orbit determination
for LEO satellite using the triple differencing technique was demonstrated using
the CHAMP satellite data. This technique makes it possible to implement a simple,
efficient and accurate algorithm in the near real-time mode. The modelling of the
atmospheric drag force is crucial in the dynamic orbit determination, because it
accounts for most of the nonconservative forces. The proper modelling of the atmos-
pheric drag, including the optimal arc length for the drag parameter estimation,
provides an orbit solution of about 8 cm in 3D RMS of fit with respect to RSO.
The hypothesis test shows that the dynamic orbit solution obtained in this study is
statistically consistent with the published RSO when it is not better than 4 cm in
terms of an absolute accuracy. The orbit errors, as a function of the degree/order of
the geopotential model used, were also analyzed here. As expected, the higher the
degree of the geopotential model, the better the results obtained; however, more
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sensitivity was observed for degree/order up to 70. Therefore, one should consider
expanding the degree and order up to 200 or more, using the newly published
EIGEN-CG01Cmodel (CHAMP, 2005). The different gravity models were not tested
thoroughly in this study because the EIGEN2 gravity model is generated using
CHAMP data only, and is thus assumed to be the best for CHAMP dynamic orbit
determination.

The internal consistency check shows that the redundant part before the main arc
does not play an important role in the final orbit solution. That is, the orbit solution
from 26 hours of arc is comparable to that from the 30-hour arc. Also, the orbit
solution converges very quickly if the scaling factors for the atmospheric drag and the
empirical force parameters are estimated at intervals equal to or shorter than 2 hours.
Therefore, from the computational efficiency point of view, it is highly beneficial to
estimate the initial state vector at the beginning of the target arc.

The estimated orbit solution with once- and twice-per-revolution empirical forces
significantly reduced the orbit errors at both frequencies. However, the actual
correlation between the along-track and the radial components for the twice-
per-revolution parameters is not clearly verified; this should be studied more
rigorously in the future studies. The time interval for the estimation of the atmos-
pheric drag parameters should not exceed 2 hours in order to obtain a precise orbit
solution, because of the rapid change in the atmospheric density along the trajectory.
The CHAMP velocity results prove to fit the reference RSO solution with RMS
better than 0.073 mm/s in each component, which is comparable to the CHAMP
dynamic velocity from any other analysis centres.
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Švehla, D. and Rothacher, M. (2003). Kinematic and reduced-dynamic precise orbit determination of low

earth orbiters. Advances in Geosciences, 1, 47–56.

Tapley, B. D., Ries, J. C., Davis, G. W., Eeanes, R. J., Schutz, B. E., Shum, C. K., Watkins, M. M.,

Marshall, J. A., Nerem, R. S., Putney, B. H., Klosko, S. M., Luthcke, S. B., Pavlis, D., Williamson,

R. G. and Zelensky, N. P. (1994). Precise orbit determination for TOPEX/POSEIDON. Journal of

Geophysical Research, 99(C12), 24,383–24,404.

232 T. -S . BAE, D. GREJNER-BRZEZINSKA AND J. H. KWON VOL. 60

https://doi.org/10.1017/S0373463307004171 Published online by Cambridge University Press

https://doi.org/10.1017/S0373463307004171

