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Orbit determination results are presented for a low-Earth-orbiter (LEO) satellite carrying a single-frequency
global-positioning-system (GPS) receiver. Various techniques to correct for errors induced by ionospheric refrac-
tion are compared. These include the Jet Propulsion Laboratory’s (JPL) global ionosphere maps (GIM), which
provide global maps of total electron content. The direct-calibration method, differenced range versus integrated
Doppler (DRVID), which uses range differences of group delay and phase advance to compensate for the first-order
ionospheric error, was also tested. The fidelity of the orbit solutions was compared using orbit overlaps and or-
bit differences from dual-frequency truth orbits computed using MicroCosm and JPL’s Gipsy-Oasis-II program.
Analyses showed that, with a single-frequency GPS receiver on the LEO satellite, the DRVID-corrected carrier
phase can determine the orbit with accuracy below the meter level. JPL’s GIM correction to pseudorange data
also provided improved results over no ionospheric error correction.

Nomenclature
c = speed of light, m/s
ELEO = elevation angle of global-positioning-system (GPS)

satellites at the low-Earth-orbit (LEO) satellite
position

H = scale height (=100 km), m
hIPP = height from ground to the ionospheric

pierce point (IPP), m
hLEO = altitude of the LEO satellite, m
h0 = peak point of the ionospheric density, m
N = integer ambiguity
P1, P2 = pseudorange observable on GPS L1 and L2

frequency, respectively
rIPP = distance from the Earth center to the IPP, m
rLEO = LEO satellite radial position magnitude, m
s f (ELEO) = slant function
tk , t0 = tagging time of measurement for arbitrary epoch k

and minimum range epoch 0 during the phase lock,
respectively, s

α = scale factor
�ρion = ionospheric range delay, m
λIPP, ϕIPP = longitude and latitude of the IPP, respectively
ρS

R = geometric range from the GPS satellite transmitter
to the LEO receiver antenna, m

�1 = carrier phase range observable on GPS L1 frequency

Introduction

T HE global positioning system (GPS) has played an important
role in generating precise orbit solutions because it provides

global and continuous high-precision observation data. However,
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the transmitted GPS signal contains measurement errors such as
ionospheric delay, multipath, and instrumental noise. The magni-
tude of ionospheric delay in GPS measurements ranges from a few
centimeters to tens of meters, and the positioning error caused by
the ionosphere can reach as high as 150 m during high solar activity
such as during the year 2002. Hence, the ionospheric error should
be corrected to enhance the accuracy of the orbit solutions.

To reduce the ionospheric error, a method based on ionosphere
models or the use of group and phase ionospheric calibration
(GRAPHIC) technique that averages carrier phase and pseudo-
range has been tried for single-frequency GPS users.1−5 Using
this technique, precise orbit determination for the mission of
TOPEX/POSEIDON (T/P) showed orbit accuracy at a few centime-
ter level in the radial direction with single-frequency GPS data.2,6,7

However, at 1334 km the T/P spacecraft is above much of the iono-
sphere. The orbit solution of the Extreme Ultra Violet Explorer
(500-km altitude) was obtained at the level of 1 m rss in a three-
dimensional (1-σ ) sense for a single-frequency ionosphere calibra-
tion with the techniques of reduced dynamic model and empirical
acceleration estimates.8 Montenbruck and Gill3 and Yoon et al.4

improved point positioning accuracy for a low-Earth-orbiter (LEO)
satellite through the use of the International Reference Ionosphere
model, which was modified by estimating a scale factor with the po-
sition and velocity of the satellite. In Montenbruck’s5 recent research
on the ionospheric error correction for a LEO satellite, he showed
orbit accuracy at the 1–1.5-m rms level for a purely kinematic GPS
solution using the GRAPHIC technique to correct ionospheric er-
rors. The GRAPHIC technique is very similar to the differenced
range vs integrated-Doppler (DRVID) technique used here.

The challenging minisatellite payload (CHAMP) orbit, at an al-
titude of 454 km, is near circular and near polar (i = 87 deg) to
allow a homogeneous and global coverage of the Earth. Because
the CHAMP satellite is at a low altitude and carries a “BlackJack”
GPS receiver, which is codeless and dual frequency, it is useful for
evaluating the effects of ionospheric error on orbit determination
accuracy. CHAMP orbits based on dual-frequency data have over-
laps statistics consistent with orbit accuracy on the order of 10 cm
in a three-dimensional (1-σ ) sense.9,10

Here we focus on using the CHAMP satellite to demonstrate the
accuracy that could be obtained with single- and dual-frequency
solutions. In particular, two approaches are investigated to cor-
rect the ionospheric induced measurement error: the ionospheric
shell model of Jet Propulsion Laboratory’s (JPL) global ionosphere
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maps11 (GIM) and DRVID,12 applied to double-differenced range
and phase measurements. The GIM product provides the total elec-
tron content (TEC) between the ground and the GPS constellation
altitude. We then use a predicted scale factor for the ionospheric
range to account for the TEC between the LEO and GPS altitudes.
A modified DRVID method assuming zero bias at the minimum
range epoch over a pass and estimating a pass-by-pass range bias
provides more precise orbit solution than the GIM approach.

JPL’s GIM with Scale Factor
Dual-frequency users can eliminate the ionospheric error by

combining measurements that have two different frequencies
( f1 = 1575.42, f2 = 1227.6 MHz). However, single-frequency users
must either use ionospheric models or use a combined phase and
pseudorange data set to correct the ionospheric error unless they
simply choose to neglect this error.

JPL generates the GIM of vertical TEC from approximately
100 GPS sites.11 The vertical TEC was interpolated by using a
quadratic weighting function to yield the TEC at the ionospheric
pierce point, which is the intersection point between the mean height
of ionosphere and the line of sight of the LEO satellite. The JPL’s
GIM products can supply ionospheric range delay at the altitude of
the LEO satellite by applying a scale factor to the TEC in the path
from the ground. Montenbruck and Gill3 introduced the scale factor
used here for the ionospheric delay at the LEO satellite altitude. The
scale factor is given by

α = TEC(λIPP, ϕIPP, hIPP)

TEC(λIPP, ϕIPP, 0)

=
1
2 ((e − exp{1 − exp[−(hLEO − h0)/H ]}))

e − exp[1 − exp(h0/H)]
(1)

The predicted scale factor that relates the TEC(λIPP, ϕIPP, hIPP) of
the ionosphere above hIPP to the TEC(λIPP, ϕIPP, 0) above ground
was calculated at each epoch according to the altitude hLEO. As
shown in Eq. (2), the ionospheric range error at each measurement
epoch is calculated with a scale factor given by Eq. (1).

�ρion(tk) = α
(
40.3

/
f 2
1

)
TEC(λIPP, ϕIPP, 0)s f (ELEO) (2)

The slant function, which accounts for the increase in path length
with decreasing elevation caused by the ionosphere, is given by3

s f (ELEO) = 1
/√

1 − [cos(ELEO)/(rIPP/rLEO)]2 (3)

This slant function becomes less accurate at low elevation angles,
and as a result data below 10-deg elevation are edited for the orbit-
determination (OD) solution.

Differenced Range vs Integrated Doppler
The DRVID technique uses the property that the group delay

and phase advance have the same magnitude but opposite sign.
The combination of range-differenced pseudorange group delay and
phase advance removes the first-order ionospheric delay of the mea-
surement. Here the DRVID technique calculates range differenced
ionospheric error between coarse-acquisition (C/A) code pseudor-
ange and carrier phase on the L1 frequency. To calculate the range-
differenced ionospheric error, we subtract the observations at two
different epochs as long as the receiver has kept a continuous lock
on the carrier signal. The range and phase changes over interval are
given by

P1(tk) − P1(t0) = ρS
R(tk) − ρS

R(t0)

+ (
40.3

/
f 2
1

)
[TEC(tk) − TEC(t0)] (4)

�1(tk) − �1(t0) = ρS
R(tk) − ρS

R(t0) − (
40.3

/
f 2
1

)

× [TEC(tk) − TEC(t0)] + [N (tk) − N (t0)](c/ f1) (5)

Both equations ignore all other measurement errors except iono-
spheric delay. Equations (4) and (5) are combined to obtain the iono-
spheric error �ρion(tk) at an arbitrary epoch by DRVID as shown in
Eq. (6). The integer terms in Eq. (5) canceled out each other because
they have same number over a pass:

�ρion(tk) = (
40.3

/
f 2
1

)
[TEC(tk) − TEC(t0)]

= {[P1(tk) − P1(t0)] − [�1(tk) − �1(t0)]}/2

+ �ρion(t0) (6)

�ρion(t0) = (
40.3

/
f 2
1

)
TEC(t0) ≈ 0 (7)

The ionospheric induced measurement error can be corrected by
adding the calculated ionospheric error of Eq. (6) to each pseu-
dorange and carrier phase observable. Here, the range-differenced
DRVID assume zero bias at the minimum range epoch (i.e., the
greatest elevation angle) over a pass to eliminate the calculation of
the unknown constant range correction as indicated in Eq. (7). Any
remaining bias was removed by estimating a pass-by-pass range
bias during the orbit determination.

Ionospheric Error with Differential Code Bias
The accuracy of the ionospheric error correction by either JPL’s

GIM product with a scale factor or the DRVID method can be eval-
uated by comparing the ionospheric delay computed from the com-
bination of the dual-frequency GPS data. Equation (8) yields the
ionospheric delay calculated by dual frequency at the L1 frequency:

�ρion(tk) = [P2(tk) − P1(tk)][
( f1/ f2)2 − 1

] (8)

Note that the differential code bias (DCB) of the dual-frequency
BlackJack receiver was known to be about 2.4 m (8 ns) between the
L1 and L2 code phase measurements.3 This was calibrated before
the CHAMP satellite was launched.

Figure 1 shows the ionospheric error at the L1 GPS frequency
from the dual-frequency BlackJack pseudorange data and JPL’s
GIM product after applying a scale factor for GPS PRN 7 on 22
May 2001 (elevation cutoff of 0 deg for Figs. 1–4). The ionospheric
error value from JPL’s GIM products was adjusted by a linear fit to
the dual-frequency ionospheric delay value as seen in Fig. 2. Here,
JPL’s GIM results show a 2.8-m offset from the dual-frequency
ionospheric delay, which is close to the DCB of the CHAMP re-
ceiver. Figure 3 displays the dual-frequency ionospheric delay with
DRVID results for GPS PRN 7 on 22 May 2001. The bias between
the dual-frequency ionospheric delay and that computed by JPL’s
GIM is smaller than that computed from DRVID as shown in Fig. 4.
The DRVID has a larger bias than BlackJack’s DCB because of
the zero-bias assumption at the minimum range epoch as well as
additional systematic biases.

Dynamic Model Approach
A dynamic model approach based on global and continuous GPS

tracking data was used for the OD in this research. A 30-h arc length
was selected for the orbit estimate. The OD for the LEO satellite
was computed using MicroCosm.13 MicroCosm uses a high-fidelity
dynamic model consisting of the following: 1) EGM-96 gravity
model complete to degree and order 70; 2) Jacchia-71 atmospheric
density model; 3) tabular data consisting of solar flux, geomagnetic
data, and Earth orientation parameters (updated on a weekly basis);
and 4) planetary ephemerides to account for n-body perturbations.14

In addition, the position, velocity, one drag coefficient per arc, one
solar pressure coefficient per arc, and 1.5-h empirical acceleration
coefficients for the along-track and cross-track components were
estimated to compensate for mismodeled or unmodeled dynamic
error. The tropospheric delay is also estimated once per arc.

The GPS measurement is restricted to C/A code and L1 carrier
phase when considering single-frequency data only.14,15 To remove
clock errors, we use double-differenced GPS measurements, which
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Fig. 1 Dual-frequency ionospheric delay and JPL’s GIM products with scale factor for GPS PRN 7 (22 May 2001).

Fig. 2 Linear fit of ionosphere error using JPL’s GIM to dual-frequency ionospheric delay.

are derived from two GPS satellites, the LEO satellite, and one
ground station. The dual-frequency GPS data are used to eliminate
the ionospheric error between GPS satellite and ground station. The
calculated ionospheric errors are used to correct the GPS pseudo-
range and carrier phase observable of the LEO satellite directly
during data processing.

Measurement RMS
The rms value of double-differenced tracking residuals is one

indicator of orbit accuracy. However, small rms values are a neces-
sary but not sufficient condition for absolute orbit accuracy. Table 1
shows the rms of tracking data residuals for all cases using carrier
phase and pseudorange from the various ionospheric error correction
techniques employed in this research. The estimate of a measure-
ment bias for each pass of data helped to reduce the postfit residual

values in the DRVID pseudorange case because the ionospheric bias
of each pseudorange pass as well as systematic biases are absorbed
by the estimated measurement bias. As expected, the dual-frequency
method using carrier phase data showed the smallest rms of resid-
uals. The model-based JPL’s GIM method also has an improved
rms value when compared with the rms value with no ionospheric
error correction. Here the case with no ionospheric error correction
applied is based on L1 pseudorange data.

Orbit Overlaps
The dynamic orbit solutions obtained using MicroCosm are based

on a 30-h arc length, including six hours of common data with the
adjacent arc. The 10-day data set for the CHAMP satellite over
20–29 January 2002 was broken into 10 30-h arcs. The central four
hours of the six-hour common data arcs are used to compute orbit
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Table 1 RMS of postfit residual for CHAMP dataa

Dual-frequency Dual-frequency DRVID DRVID JPL’s GIM Uncorrected
Dateb carrier phase pseudorange carrier phase pseudorange pseudorange pseudorange

20 Jan. 0.049 1.57 0.12 1.01 2.53 4.38
21 Jan. 0.045 1.55 0.11 0.99 2.37 3.78
22 Jan. 0.045 1.56 0.11 0.98 2.50 4.00
23 Jan. 0.046 1.56 0.11 0.93 2.40 4.22
24 Jan. 0.043 1.56 0.11 1.01 2.46 4.06
25 Jan. 0.051 1.57 0.11 0.96 2.41 4.24
26 Jan. 0.045 1.53 0.11 0.94 2.44 4.59
27 Jan. 0.054 1.57 0.11 0.96 2.41 4.52
28 Jan. 0.050 1.53 0.11 0.92 2.49 4.79
29 Jan. 0.048 1.64 0.11 0.89 2.42 4.89

aUnits are meters. b2002.

Fig. 3 Dual-frequency ionospheric delay and DRVID with zero-bias assumption for GPS PRN 7 (22 May 2001).

Fig. 4 Linear fit of ionosphere error using DRVID method to dual-frequency ionospheric delay.
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Table 2 Four-hour orbit overlap rms and three-dimensional rss valuesa

Date R T N 3Db R T N 3D R T N 3D

Dual-frequency carrier phase Dual-frequency pseudorange DRVID carrier phase
20–21 Jan. 2.8 5.6 3.2 7.0 5.5 10.3 5.9 13.1 7.5 13.5 6.7 16.8
21–22 Jan. 2.9 6.2 5.5 8.8 6.2 11.5 11.8 17.6 5.5 11.7 12.7 18.1
22–23 Jan. 1.9 4.3 2.5 5.3 3.9 7.3 6.5 10.5 4.3 9.9 5.6 12.2
23–24 Jan. 6.3 12.2 4.4 14.4 6.6 16.4 14.4 22.8 3.6 8.4 5.1 10.5
24–25 Jan. 2.4 4.3 4.6 6.7 14.6 33.5 10.3 38.0 2.6 8.0 7.7 11.4
25–26 Jan. 6.9 10.1 8.3 14.8 9.5 18.8 5.9 21.9 7.8 12.6 8.5 17.1
26–27 Jan. 2.7 6.0 10.1 12.1 12.1 21.6 8.8 26.3 6.3 11.5 8.3 15.5
27–28 Jan. 7.1 16.7 11.4 21.4 4.0 7.2 4.6 9.4 5.3 9.7 10.5 15.2
28–29 Jan. 4.9 10.6 11.0 16.0 28.0 53.8 22.4 64.7 7.3 18.3 11.5 22.8

DRVID pseudorange JPL’s GIM pseudorange Uncorrected pseudorange
20–21 Jan. 18.6 40.1 28.8 52.8 19.7 42.2 25.0 52.9 20.8 45.5 33.5 60.2
21–22 Jan. 4.8 13.2 5.3 15.0 32.9 64.6 53.8 90.3 42.4 90.1 65.8 119.4
22–23 Jan. 12.0 24.7 26.1 37.9 15.4 38.1 17.2 44.5 18.1 39.0 20.1 47.5
23–24 Jan. 6.4 18.6 11.6 22.8 26.9 49.3 18.8 59.2 29.1 56.1 49.0 80.0
24–25 Jan. 13.9 38.7 34.0 53.4 26.2 46.4 33.5 62.9 33.0 61.4 69.7 98.6
25–26 Jan. 17.7 31.8 11.8 38.3 22.4 44.1 21.5 53.9 29.0 61.2 30.8 74.4
26–27 Jan. 13.0 27.2 23.4 38.2 15.5 29.8 12.3 35.8 88.3 174.9 20.3 197.0
27–28 Jan. 12.0 31.0 8.1 34.2 28.0 51.5 22.2 62.7 78.3 156.2 35.7 178.3
28–29 Jan. 10.4 23.0 9.7 27.0 14.3 28.9 10.9 34.0 51.0 103.8 26.0 118.5

aUnits are centimeters. bThree dimensional.

Table 3 RMS orbit differences over 10 days for solutions using MicroCosma

Dual-frequency DRVID DRVID JPL’s GIM Uncorrected
20–29 Jan.b pseudorange carrier phase pseudorange pseudorange pseudorange

R 0.216 0.109 0.377 0.571 0.868
T 0.504 0.318 1.000 1.339 2.402
N 0.323 0.129 0.415 0.792 1.288
rss 0.637 0.360 1.146 1.658 2.861

aUnits are meters. b2002.

overlap statistics. In the orbit overlap evaluation, the orbit difference
levels showed several tens of centimeters in a three-dimensional
rss sense for the various correction methods (Table 2). In general,
the statistics of the overlapping orbit solution are a good indicator
of orbit precision, but are only a relative measure.2 The overlap
statistics can tend to overestimate the true orbit error caused by the
amplification of errors at either end of the overlap period. Therefore,
four-hour orbit overlap data in the middle of the six-hour overlap
period were used to avoid these end effects.

Comparison-with-Truth Orbit
The comparison-with-truth orbits is a direct method to evaluate

the accuracy of orbit solutions generated by MicroCosm. Here the
truth orbit is defined as the orbit solution determined by Micro-
Cosm using dual-frequency double-differenced carrier phase data
from CHAMP. The differences of the orbits for a 24-h period, which
is extracted from a 27-h or 30-h orbit arc, were calculated during
a period 20–29 January 2002. We used a data set from 2002 to
observe the orbit solutions during a period of high solar activity.
Table 3 presents the differences between the truth orbits and various
ionosphere corrected orbits. For example, the orbit difference over
10 days showed a three-dimensional rss of about 36 cm between
MicroCosm orbits based on dual-frequency carrier phase measure-
ments and those using DRVID carrier phase.

Comparison of MicroCosm
and Gipsy-Oasis-II Solutions

As another validation of the orbit solutions, orbits generated by
other institutions were used. In this section the truth orbit is de-
fined as the orbit solution generated by the Gipsy-Oasis-II (GOA II)
program from the JPL. The 24-h orbit in the middle of a 30-h arc
determined by MicroCosm was compared with JPL’s Precision Or-

bit Ephemeris (POE)‡ for 20–29 January 2002. JPL’s measurement
data used are dual-frequency pseudorange and carrier phase. The
data interval is 30 s, and the arc length is 27 h. The orbit solu-
tion, based on the dynamic and reduced dynamic technique, is per-
formed, and unmodeled accelerations are estimated as stochastic
parameters. The GPS orbits and clocks are fixed at the values deter-
mined by JPL’s quick-look products. Six initial conditions for the
CHAMP satellite’s position and velocity are estimated along with a
drag coefficient, a solar radiation pressure coefficient, and stochastic
accelerations in the radial, along-track, and cross-track directions.

Both MicroCosm and GOA II can produce orbits internally in
the inertial J2000 reference frame. The orbits were compared in
the inertial J2000 reference frame. The orbit determined by the
DRVID carrier phase has a 55-cm three-dimensional rss difference
from JPL’s POE over 10 days (Table 4). The ionospheric bias of
DRVID carrier phase is absorbed in the integer ambiguity during
the double-differenced measurement bias estimate. In Table 4, the
DRVID pseudorange result shows differences with JPL’s POE of
1.23-m three-dimensional rss, whereas DRVID carrier phase re-
sults in 0.55-m rss. The DRVID carrier phase is more accurate than
DRVID pseudorange because the measurement has less noise than
the pseudorange. Here the three-dimensional rss orbit difference be-
tween JPL’s POE and the orbit estimated using JPL’s GIM products
with a scale factor is 1.67 m, indicating that the GIM correction is
not as accurate as the DRVID. The GIM results could be improved
with more ground stations contributing to the maps. In fact JPL is
now using about 700 stations to generate the GIM product instead of
the 100 used here. Even so, there are still large areas of the southern
oceans where there is little or no coverage. The GIM results are

‡Data available online at ftp://sayatnova.jpl.nasa.gov/pub/genesis/orbits/
champ/quick [cited 28 Oct. 2003].
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Table 4 RMS orbit differences over 10 days for JPL’s POE and orbit using MicroCosma

Dual-frequency Dual-frequency DRVID DRVID JPL’s GIM Uncorrected
20–29 Jan.b carrier phase pseudorange carrier phase pseudorange pseudorange pseudorange

R 0.154 0.181 0.173 0.397 0.577 0.874
T 0.314 0.387 0.435 1.062 1.340 2.380
N 0.277 0.347 0.292 0.486 0.820 1.321
rss 0.446 0.550 0.552 1.233 1.674 2.858

aUnits are meters. b2002.

further degraded relative to DRVID by the use of an approximat-
ing scale factor to obtain the TEC between CHAMP spacecraft and
the GPS constellation. Estimating a pass-by-pass range bias did not
improve the GIM results.

Different arc length of the orbits as well as different dynamic
model and filter contribute to the differences in the orbits determined
by MicroCosm and JPL’s POE.

Conclusions
In this paper, the correction of ionospheric error has been ana-

lyzed assuming a low-Earth-orbit satellite equipped with a single-
frequency global-positioning-system receiver. The orbit determina-
tion based on the dynamic model approach included ionospheric
correction by either Jet Propulsion Laboratory’s global ionospheric
maps (GIM) products with a scale factor or the differenced range
versus integrated Doppler (DRVID) method. Both methods showed
significantly improved orbit accuracy over not correcting for iono-
spheric error when compared to the truth orbits based on dual-
frequency data.

Through this research, DRVID carrier phase was determined to be
the best way to reduce ionospheric error for single-frequency users.
The DRVID-corrected carrier phase with pass-by-pass range bias
estimates resulted in three-dimensional rss orbit errors on the order
of 55 cm. This is more than an 80% reduction over no ionospheric
correction. If carrier phase is not available, the model-based method
using the GIM product with a scale factor also provided significant
improvement over no ionospheric error correction.
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