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Orbit Determination of Spacecraft Using Global Positioning
System Single-Frequency Measurement
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The dynamic orbit determination of a low Earth orbiter using global positioning system single-frequency mea-
surements has been implemented. Currently two methods are being applied to eliminate or reduce ionospheric
path delay in single-frequency measurement. One is a group and phase ionosphere calibration technique using
code pseudorange and L1 carrier phase, and the other is application of total electron content values from an
ionospheric model using only L1 carrier phase to determine the orbit. A new method based on the latter has been
developed, which estimates the scale factors of total electron content values in the location of a low Earth orbiter
once per each measurement time. Orbit determination using actual global positioning system measurements of
the TOPEX/POSEIDON and the Challenging minisatellite payload was conducted to verify the accuracy of the
new method. It is verified that, if the total electron content’s scale factor estimation technique were applied, 1-m
level position accuracy (1o) for low Earth orbit below 500-km altitudes could be achieved using precision orbit
determination based on the global positioning system double-differencing method.

Nomenclature
ajscr = empirical general accelerations with nine scale
. factors, m/s?

Cl’uk ) = double-differencedphase ambiguity, m

DD{: = explicitdouble-differencedcarrier-phase
converted range measurement model, m

f = frequency, Hz

t;, 8t = tagging time of measurement and receiver clock
error at i th ground receiver, respectively, s

t,, 8t = tagging time of measurement and receiver clock
error at onboard receiver of the low Earth orbiter,
respectively, s

u = argument of latitude of the satellite, rad

o4, Ba,va = along-track parameters of empirical
general acceleration

oc, Bc,Yc = cross-track parameters of empirical
general acceleration

og, Br, Vr radial parameters of empirical general acceleration

8p! = sum of propagationdelays from jth global
positioning system (GPS) satellite to ith ground

) receiver, m

80, = sum of propagationdelays from jth GPS satellite
to onboard receiver of the low Earth orbiter, m

Egrps Eph = receiver instrument noise of code and phase,

respectively, m
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v = scale factor of total electron content value

o, 6] = geometric line-of-sightrange and range rate
between jth GPS satellite and ith ground receiver,

o respectively, m, m/s

ou, o = geometric line-of-sightrange and range rate
between jth GPS satellite and onboard receiver
of the low Earth orbiter, respectively, m, m/s

Torps Tph = total path delay of code and carrier phase,
respectively, m

T = common delay caused by geometry and factors

other than the ionosphere, m

Introduction

HE main mission of the Republic of Korea multipurpose

satellite-2 (KOMPSAT-2), which will be launched in 2004,
is construction of the three-dimensional cartography of the Korean
peninsula by utilizing multispectral camera images with panchro-
matic 1-m resolution. The KOMPSAT-2 will be operated on a cir-
cular sun-synchronousorbit of 685 &= 1 km altitude, and its mission
requirement of orbit determination is 1-m (lo) in position. The
KOMPSAT-2 will implement the TOPSTAR 3000 global position-
ing system (GPS) receiver of Alcatel Space Industries in France,
which generates the coarse acquisition (C/A) code and L1 carrier
phase. The precision orbit determination system using the GPS
single-frequency measurements has been developed to satisfy the
mission requirement. The software is based on dynamic parameters
estimation and is composed of precision perturbation models for
the satellites, the GPS measurement models, and a weighted least-
squares batch filter. The double-differenced measurement between
a low-Earth-orbiting satellite and international GPS service (IGS)
ground stations is constructed to eliminate common errors such as
clock errors.

The faculty for using the GPS-based technique with dual fre-
quency to provide precision orbit determination for satellite mis-
sions requiring subdecimeterradial orbit accuracy had been verified
by the TOPEX/POSEIDON (T/P) satellite." In the presenceof anti-
spoofing (AS), the T/P orbits processed from GPS single-frequency
data are estimated to have a radial orbit accuracy in the range of
4-5 cm rms, and cross- and along-track accuracy of 14-cmrms
(Ref. 3). However, because the altitude of the KOMPSAT-2 will
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be lower thanthe 1336 km of T/P, the unpredictableeffects of atmos-
pheric density and mismodeling of the geopotential model will
make it difficult to attain comparable orbit accuracy. Moreover,
ionospheric calibration using dual-frequency ionosphere free
combination is not possible in the case of tracking only the L1
frequency. If ionospheric path delay is not reduced properly, this
delay will be the prominent error source together with the cited two
effects in low Earth orbit.

Currently, two methods have been implemented to overcome
the degradation of the accuracy using the single-frequency GPS
data. One is applying the group and phase ionosphere calibration
(GRAPHIC) technique!~° that averages GPS code pseudorangeand
carrier-phase observables. This method eliminates the ionospheric
path delay using the characteristic of group delay and phase ad-
vance due to ionospheric refraction. However, half of the noises
of code pseudorange still remains and is a cause for the degrada-
tion of accuracy in the process of orbit determination. The other
method reduces path delay by using a global ionosphere model.”
Although this technique has the noise level of the carrier phase,
which is 100 times better than that of code, it can not cancel out
the path delay completely because total electron content (TEC) val-
ues from the ionosphere model have about 30% error.? In particu-
lar, the unpredictable effects of TEC values can limit accuracy in
a low-Earth-orbiting satellite that cruises in the F2 layer of iono-
sphere. In the past, an experiment with single-frequency GPS data
was implemented for the extreme ultravioletexplorer (EUVE) satel-
lite at 500-km altitude. The EUVE process verified that the reduced
dynamic parameter estimation using the GRAPHIC method with
P1 code and L1 carrier phase could provide 1-m level position
accuracy.’

To reduce ionospheric path delay in the single-frequency GPS
measurements and to determine the positionof a low-Earth-orbiting
satellite precisely, a new method using only L1 carrier phase is de-
veloped in this paper. Because the new method uses the L1 car-
rier phase, it makes it possible to design a satellite system with
the low-cost GPS receiver and to reduce the amount of down-
link GPS data. This method is based on a global ionosphere mod-
eling and, in addition, estimates scale factors of TEC values in
the locations of the low-Earth-orbiting satellite at each measure-
ment time. The scale factors of TEC values are associated with
measurement related parameters in the process of precision orbit
determination.

The orbit determination using the real GPS measurements of the
T/P and the Challenging minisatellite payload (CHAMP) satellites
was conducted to verify the accuracy of the new method. In par-
ticular, because the altitude of CHAMP satellite is 460 km, this
accuracy will be a reference for the majority of low Earth orbiters.
The GRAPHIC technique and the new TEC scale factor estimation
method were used to eliminate or reduce ionospheric path delay,
respectively. The results of the processes were compared with the
precision orbit ephemeris (POE), which was estimated using satel-
lite laser ranging (SLR) and Doppler orbitography and radioposi-
tioning integrated by satellite (DORIS) for the T/P and using dual-
frequency GPS data for the CHAMP.

Precision Orbit Determination System

In thisresearch, the precisionorbit determinationschemeis based
on the conventional dynamic parameter estimation that consists
of the models of double-differenced GPS measurement between
a ground station and low-Earth-orbiting satellite, the precise dy-
namic models of multispacecraft,and a weightedleast-squaresbatch
filter.!!" The raw GPS measurements are range data that are com-
puted from measured phase differences between received signals
and signals generated by the receiver. These ranges are called pseu-
dorange because they are biased by the GPS satellite and receiver
clock errors. Generally, carrier-phase converted pseudorange in-
cludes some errors due to the GPS satellite’s clock error, receiver’s
clock error, tropospheric path delay, ionospheric path delay, rel-
ativistic effect, data tagging noise, and bias due to integer am-
biguity. In the process of precision orbit determination, these er-
rors have to be eliminated by data combination or be corrected
by precise measurement models. Explicit double-differenced mea-

surement involves two GPS satellites, one ground station, and a
low-Earth-orbitingsatellite at the same time. Differencing the GPS
data tracked from a low-Earth-orbiting satellite with the GPS data
collectedfromthe receiversof IGS groundstationscan eliminate the
primary measurement errors such as the clock errors of GPS satel-
lites, low-Earth-orbitingsatellite, and IGS stations. Explicitdouble-
differenced carrier-phase converted range measurement model can
be represented as'®

DD¥ = pl (1)) — pi (t,) — pk(t) + pk () — | 67 () — k) | - 81,
+ 61t = 6t | - 8t +8p] — 0] — 8pk +8pF +CJF (1)

The GPS measurement models are composed of ionospheric path
delay, troposphericpath delay, relativisticeffect, phase-centeroffset
and variation of the GPS receiver antenna, and position variation of
the ground stations due to the solid Earth tide, ocean loading, and
tectonic plate motion. The ionospheric path delay depends on the
frequency of the radio signal. Some of this delay can be corrected
by using the TEC model.”! If single-frequency measurements are
used, this delay can be eliminated by the GRAPHIC technique’ or
be reduced by the TEC scale factor estimation technique that has
been developed in this research. Most accurate elimination can be
made by ionospheric free combination using dual-frequency GPS
data.’* Modeling troposphere and estimating zenith delay parame-
ters make it possible to correct tropospheric path delay. The carrier
phase yields the range between phase center of the receiver and that
of the GPS transmitter, but it is biased due to the integer ambigu-
ity. The integer ambiguity, however, is constant over the duration
of pass for each specified GPS satellite and receiver pair unless a
receiver loses lock on the GPS satellite. A new integer ambiguity
is set in the case of losing lock over the duration of pass. The in-
teger ambiguity can be estimated in the process of precision orbit
determination.

The precise dynamic models of multisatellites are derived as the
equations of motion and variation equations of satellites, and these
are integrated numerically in J2000 reference coordinates. The time
systems consistof terrestrialdynamic time (TDT), coordinated uni-
versal time (UTC), universaltime 1 (UT1), and GPS time (GPST).
TDT is the base time system in the integration for satellite’s equa-
tions of motion and variationequations, and it is also used for the co-
ordinate transformationand for the computationof the ephemerides
for the sun, moon, and eight planets of the solar system. UTC, which
is a timescale based on the definition of the SI second, is used to
interpolate the polar motion values, UT1 variation with respect to
atomic time international, F10.7-cm solar flux, and 3-h interval K,
Earth magnetic index data from the external files. UT1 is required
for computing the Greenwich hour angle, and GPST is applied for
GPS measurements time tag. The equations of motion and the vari-
ation equations are numerically integrated using Adams—Cowell
11th-order predictor—corrector method (see Refs. 14 and 15). The
gravitational forces such as geopotential, the gravity of the sun,
moon, and eight planets of the solar system, solid Earth tides, ocean
tides, relativistic effect, Earth’s dynamic polar motion, and nine pa-
rameters empirical general acceleration have to be modeled. The
nongravitational forces are composed of atmospheric drag, solar
radiation pressure, Earth radiation pressure, and thermal radiation
of the satellite. The macromodel,'® which models the satellite as a
combination of flat plates arranged in the shape of a box and the
connected solar arrays, is used for the analysis of nongravitational
perturbations on a satellite. The attitude mode of the spacecraft is
also incorporated.

The epoch state batch filter,!” where all measurements obtained
atdifferenttimes are mapped to a single epoch to estimate the epoch
state, has to be modified to be able to adjustthe dynamic parameters,
such as coefficients of solar radiation, atmospheric drag, and gen-
eral acceleration; the measurement biases, such as phase ambiguity
and scale factors of TEC value; and the station-related parameters,
such as tropospheric zenith delay parameters at user-specified sub-
divided epochs. The solutions are obtained by applying successive
square root free Givens transformation (see Refs. 18 and 19) to the
linearized orbit determination problem. Estimating the dynamic re-
lated parameters once per specific period has an important role in
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accounting for deficiencies in the dynamic models. Especially, nine
parameters of empirical general acceleration are important to ac-
commodate the errors due to geopotential and atmospheric density
mismodeling in low orbit. Empirical general acceleration can be
represented, with nine scale factors, as

o cosu + Basinu 4 ya
ascr = | accosu + Besinu + ye 2)

g cosuU + Brsinu + yg

Generally, because most of the orbit errors due to mismodeling of
gravity and atmospheric drag consist of once and twice per revolu-
tion components, o, 8, and y, coefficients are estimated once per
orbit period in dynamic orbit determination. However, if measure-
ment errors contaminate the observations to such a degree that the
estimation of coefficients is no longer feasible, the coefficients can
be estimated once per several minutes interval.

Correction of Ionospheric Path Delay

Because the difference of refractive index between group and
phase causes the velocity difference, a group delay and a phase
advance occur. In a simplified form, the code delay is a sum of the
geometric delay and the delay caused by the ionosphere:

Tgp = To + (40.3-TEC)/f* + £gp 3)

The carrier delay can be represented as the geometric delay minus
ionospheric delay:

Ty = T — (40.3-TEC)/f? + bias + &, 4)

where bias is carrier-phaseambiguity. Because the ionosphere term
is identical in both group and phase but appears with opposite sign,
averaging these two data types removes the ionospheric term, and
the resulting measurementhas the type of biased carrier-phasedelay
with a noise level determined primarily by the much less precise
code data:

(Tph + Tarp) /2 = 7o + bias/2 + (pn + €rp) /2 5)

Equation (5) is called the GRAPHIC observables*~® Because the
instrumentnoise of a code observableis greater than that of carrier
phase, the GRAPHIC measurement error is a half of code pseudo-
range noises. This noise can be one of the major causes of accuracy
degradation in precision orbit determination.

In the case of using only the carrier phase, the precision of instru-
mentnoiseis 100 times better than code pseudorange. This is a major
merit of using the single-frequencycarrier-phasemeasurementonly
if the ionospheric path delay can be reduced properly through the
modeling of TEC values and the estimation of scale factors of TEC
values. The new method for correcting the ionosphericpath delay is
estimating the scale factors of TEC values v in the locationsof a low-
Earth-orbiting satellite once per each measurement time [Eq. (6)].
The double-differencedmeasurement partial derivative with respect
to the scale factor of TEC value can be derived as Eq. (7), and the
scale factor is constrained by the a priori covariance in the orbit
determination process. The reference TEC values of Egs. (6) and
(7) are also computed by the numerical ionospheric model at each
measurement time:

v-40.3-TEC
IZ

Toh = Tp — + bias + &pp (6)

) 12 12

The processes using the two methods, the GRAPHIC method
and the TEC scale factor estimation technique, were implemented
for eliminating or reducing the ionospheric path delay in single-

frequency GPS measurement. The accuracies of two methods were
compared with each other.

aDDJ,  40.3-TEC/  40.3-TEC

@)

Results of the Orbit Determination

The dynamic orbit determination using the real GPS measure-
ments of the T/P and the CHAMP satellites was implemented.
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Fig. 1 Ground network of IGS GPS tracking stations: 16 IGS stations
used for experiment of T/P and 18 IGS stations for CHAMP.

The dual-frequency carrier-phase data of IGS stations were used
to eliminate the ionospheric path delay because IGS station re-
ceivers can use cross-correlation techniques to track the L2 car-
rier phase in the presence of AS. For the low Earth orbiter, both
the GRAPHIC technique and the new TEC scale factor estimation
method using single-frequency data were applied for ionospheric
correction, respectively. GPS measurements from a ground net-
work of several IGS GPS tracking stations (Fig. 1) and a satel-
lite were double differenced. In the estimation process, the joint
gravity model 3 70 x 70 geopotential ?° extended tidal model, and
Mass-Spectrometer-Incoharent-Scatter 86 (MSIS-86) atmospheric
densitymodels*' were applied. The nominal reflectivity,albedo,and
emissivity coefficients were used for solar and Earth radiation pres-
sure perturbations, and these values are the same as those used for
T/P precisionorbitdeterminationprocessby NASA Goddard Space
Flight Center (GSFC). Solar radiation pressure coefficients and at-
mospheric drag coefficients were estimated once per day. Empiri-
cal general acceleration coefficients [Eq. (2)] were also estimated
to reduce the errors due to geopotential mismodeling and atmo-
spheric density mismodeling in low orbit. Because the unmodeled
and mismodeled forces are resonant at a frequency of once per rev-
olution, it is proper to adjust general acceleration coefficients that
have the same frequency. However, because measurement errors
due to instrument noise or the mismodeled ionosphere delay con-
taminate the observations to such a degree that the estimation of
coefficients is no longer feasible, the constraint of general acceler-
ation coefficients was set to a quite small value, and the coefficients
of periodic and constant terms for along- and cross-track directions
were estimated once per 15 min. Station tide corrections approach-
ing the International Earth Rotation Service (IERS) conventions*?
were conducted and No-Net-Rotation (NNR)-Northwestern Uni-
versity Velocity model (NUVEL) 1 (NNR-NUVEL 1) tectonic plate
model® was used. The Saastamonien model with the Niell mapping
function (see Ref. 24) was applied for correcting the tropospheric
delay. Tropospheric zenith delay parameters of IGS stations were
adjusted once per 2.5 h. The reference ionospheric delay in low
Earth orbit was corrected with international reference ionosphere
(IRI-95) model,® and the scale factors of TEC values [Eq. (6)]
were estimated once per each measurement time in the case of the
new TEC estimation method. Phase ambiguity biases were also es-
timated once per each pass. IGS rapid precise orbits of GPS were
used without estimating the GPS satellite-related parameters. The
parameters estimated in the process are summarized in Table 1.

T/P

The T/P satellite was launched by the Ariane launch vehicleon 10
August 1992. The reference mean elements define a nearly circular
frozenorbit with amean altitude of 1336 km, orbitperiodof 112 min,
and an inclination of 66 deg, which results in a ground track that
repeats every 10 days (Ref. 26). The GPS demonstration receiver
onboard T/P is a dual-frequency six-channel receiver capable of
making continuous carrier-phase measurements at 1-s intervals and
P code pseudorangeat 10-s intervals.?’ The T/P GPS measurements
for 10 days beginning on 13 November 1993 were used in the or-
bit determination process. The GPS data processing facility of the
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Table 1 Parameters estimated in the orbit determination process

Location Adjusted parameters

Low Earth orbiter Position and velocity
Clock offset
Solar radiation coefficients for once per day
Atmospheric drag coefficients for once per day
General acceleration coefficients
for once per 15 min

Station Position and velocity

Clock offset

Tropospheric zenith delay parameters

for once per 2.5 h

Measurement Phase ambiguity parameters for each pass
Scale factors of TEC values for once
per each measurement time
1.0 . . T T T
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Fig. 2 Results of GRAPHIC technique with L1 carrier phase and P1
code pseudorange for T/P satellite.
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Fig. 3 Results of new TEC estimation method with L1 carrier phase
only for T/P satellite.

Jet Propulsion Laboratory (JPL) provided T/P data of L1 and L2
carrier-phase and P code. The L1 and L2 carrier-phase data of 16
IGS stations were used, and double-differenceddata were sampled
once per 30 s. The data were processedin one day arc. The orbit de-
termination results were compared with T/P POE generated by the
Precision Orbit Determination System (PODS) production subsys-
tem at the GSFC, using the global SLR and DORIS measurements.?®

Figure 2 shows the orbit determination results using the
GRAPHIC technique with L1 carrier phase and P1 code pseudo-
range. The differences from NASA POE are radial 5.1-cm, along-
track 13.9-cm, and cross-track 5.7-cm rms. Figure 3 illustrates the
results using new TEC value estimation method. The differences
from NASA POE are radial 6.9-cm, along-track 19.4-cm, and cross-
track 9.5-cm rms. The accuracy of GRAPHIC technique with P1
code pseudorangeis slightly better than that of the new TEC value
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Fig. 4 Results of GRAPHIC technique with L1 carrier phase and C/A
code pseudorange for CHAMP satellite.
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Fig. 5 Results of GRAPHIC technique with L1 carrier phase and P1
code pseudorange for CHAMP satellite.

estimation method with L1 carrier phase only. The new TEC value
estimation method can be recommended in the case of AS on or
when using the onboard receiver tracking L1 frequency only.

CHAMP

On 15 July 2000, the CHAMP satellite was been launched into
a near-polar, circular, low Earth orbit at 460-km altitude. The GPS
receiver TurboRogue Space Receiver2 (TRSR-2) onboard CHAMP
was provided by NASA and manufactured at JPL. The receiver ac-
quires amaximum 12 satellites at the same time. From these signals,
the orbiting receiver generates at a frequency of 0.1-Hz pseudor-
anges and carrier phase for all satellites that were in lock at this
time instant. The GPS carrier-phase measurements over an 11-day
interval, 20-30 May 2001, were used in the orbit determination pro-
cess. These data were provided by JPL. The L1 and L2 carrier-phase
dataof 18 IGS stations were used. The double-differenceddata sam-
pling is 30 s, as is the the T/P. The orbit determinationresults were
compared with JPL POE that was adjusted using the dual-frequency
GPS data and are accurate to about 5 cm in the radial direction and
1015 cm for three dimensions.™

Figure 4 shows the orbit determination results using the
GRAPHIC technique with L1 carrier phase and C/A code
pseudorange. The differences from JPL POE are radial 25-cm,
along-track 73-cm, and cross-track 43-cm rms. Figure 5 shows the
results using the GRAPHIC technique with L1 carrier phase and
P1 code pseudorange. The differences from POE are radial 21-cm,
along-track 55-cm, and cross-track 42-cm rms. Although the GPS

"iData available online at URL:http:/nng.esoc.esa.de/gps/campaign.html

[cited 1 April 2002].
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Fig. 6 Results of no TEC estimation method with L1 carrier phase
only for CHAMP satellite.
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Fig. 7 Results of new TEC estimation method with L1 carrier phase
only for CHAMP satellite.

receiver for CHAMP employed an equal noise bandwidth for P and
C/A processing, which is called narrow correlator spacing, there are
about 24-cm biases in C/A code pseudorangerelative to the P1 over
the CHAMP campaign period. This bias can be considered as the
reason that the C/A GRAPHIC resultis somewhat poor in compari-
son to the P1 GRAPHIC. Below a 500-km altitude, the accuracy of
the dynamic parameter determinationusing the GRAPHIC method
with L1 carrier phase and the P1 code pseudorange is similar to
that of the reduced dynamic parameter estimation using the same
GRAPHIC method, which had been tested on the EUVE satellite.’
Figure 6 shows the results using L1 carrier phase without the TEC
scale factor estimation. The IRI-95 ionospheric model was applied
to reference the TEC value. The errors are radial 103-cm, along-
track 240-cm, and cross-track 63-cmrms. Although the ionospheric
model is used for correcting the ionospheric path delay, the orbit
determinationaccuracy is degraded due to the discrepancy between
the true value and the model of TEC. The results using the new
TEC value estimation method with L1 carrier phase only are plot-
ted in Fig. 7. The errors are radial 39-cm, along-track 95-cm, and
cross-track 33-cm rms. The accuracy of the new TEC value esti-
mation method is a little lower than that of the GRAPHIC method
with code pseudorange. However, it shows that the new TEC value
estimation method makes it possible to reduce most of the error of
ionospheric path delay in the orbit below a 500-km altitude.

Conclusions
The orbit determination system of a low-Earth-orbiting satellite
using single-frequency GPS tracking data has been developed. The
new TEC scale factor estimationmethod using L1 carrier phase only

was also developed to improve the orbit determination accuracy in
low Earth orbit. The precision of the instrument noise of the carrier
phase is 100 times better than code pseudorange. The low noise of
the carrier phase is a major merit of thenew TEC scale factorestima-
tion method if the ionospheric path delay can be reduced properly
through the modeling of TEC values and the estimation of scale
factors of TEC values. The results of this method were compared
with that of the GRAPHIC technique by processing the actual GPS
measurements of the T/P and CHAMP satellites. In particular, be-
cause the altitude of the CHAMP satellite is 460 km, this accuracy
will be a reference for the majority of low Earth orbiters. The orbit
determinationresults verified that, if either the new TEC scale fac-
tor estimation method using L1 carrier phase only or the GRAPHIC
technique using code were applied, 1-m level position accuracy
could be achieved for a low Earth orbiter below 500-km altitude
using the GPS-based precision orbit determination. Thus, the new
TEC scale factor estimation technique will be the most appropri-
ate method to verify the accuracy and robustness of the GRAPHIC
techniquein the process of orbit determinationfor the KOMPSAT-2,
which willimplementa low-costand single-frequencyonboard GPS
receiver generating the C/A code and L1 carrier phase.
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