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ABSTRACT

The use of GPS receivers to provide orbit determination capabilities for spacecraft in low Earth
orbit has been verified and refined over the last ten years. As GPS receiver technology has matured,
researchers have been attempting to expand the applicability of GPS based navigation to high Earth
orbit, and even to the Geostationary (GEO) altitudes and beyond. The Navigator receiver, a new
GPS receiver being developed at Goddard Space Flight Center, was designed from the ground up to
work both below and above the GPS constellation. The Navigator’s fast-acquisition capability and
improved signal sensitivity allow it to track not only the main lobes, but also the side lobes of the
GPS signal. The inclusion of these weak signals allows the Navigator to typically track six to ten
satellites at GEO. To improve the accuracy of the solution, the Global Positioning System Enhanced
Onboard Navigation System (GEONS) orbit determination software has been integrated into the
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Navigator receiver hardware, allowing it to generate solutions even when tracking fewer than four
satellites.

INTRODUCTION

The use of Global Positioning System (GPS) receivers to provide orbit determination data for
spacecraft in low Earth orbit has been verified and refined over the last ten years. As GPS receiver
technology has matured, researchers have been attempting to expand the applicability of GPS based
navigation to high Earth orbit, and even to the Geostationary (GEO) altitude.
The Navigator GPS receiver, is the logical extension of the high Earth orbit (HEO) research per-
formed at Goddard Space Flight Center (GSFC) over the past decade. The Position, Velocity,
Time (PiVoT) receiver, also developed at GSFC has been used in conjunction with the Formation
Flying Testbed (FFTB) to conduct real-time, hardware-in-the-loop tests of orbit determination per-
formance.1, 2 Extensive offline testing and analysis has also been done through simulations3, 4 and
actual flight data.5

This paper presents the results of a study conducted at GSFC which addresses the orbit determi-
nation accuracy achieved by the Navigator receiver in Geostationary orbit about the Earth. Radio
frequency (RF) measurements generated by a GPS signal generator were collected and processed
in the receiver in a kinematic point-solution as well as with a Kalman filter. The results of this
real-time orbit determination were compared to known truth trajectories to determine the accuracy
of estimated solution. The next section describes some of the innovations in the Navigator receiver.
The following sections discuss the approach to the study as well as the modeling parameters and the
basic assumptions made. Finally, the results of the study, including estimation accuracy statistics
and signal tracking thresholds, are discussed.

NAVIGATOR

The Navigator receiver is a new space-borne GPS receiver that can operate effectively in the
full range of Earth orbiting missions from Low Earth Orbit (LEO) to Geostationary and beyond.6

Navigator is designed to be a fully space-flight-qualified GPS receiver optimized for fast signal ac-
quisition and weak signal tracking. The fast acquisition capabilities provide exceptional time to first
fix performance (TTFF) with no a-priori receiver state or GPS almanac information, even in the
presence of large Doppler shifts at LEO (or near perigee in highly eccentric orbits). The fast ac-
quisition capability also makes it feasible to implement extended correlation intervals and therefore
significantly reduce Navigator’s acquisition threshold, to between 22 and 25 dB-Hz. The increased
sensitivity results in significantly better GPS observability at GEO than was possible in previous
tests using conventional GPS receivers.

Navigator also includes a real-time implementation of GSFC’s GEONS orbit determination soft-
ware∗. GEONS sequentially processes sparsely available pseudorange measurements in an extended
Kalman filter and provides estimates of the receiver state even when traditional GPS point posi-
tioning would not be possible. High fidelity force and clock models enable accurate onboard state
propagation during signal outages.

∗Honeywell Technical Solutions Inc., Mission Operations and Mission Services, FDF-59-002 Global Positioning
System (GPS) Enhanced Onboard Navigation System (GEONS) Mathematical Specifications, Version 2, Release 2.3,
A. Long and T. Lee, prepared by a.i.solutions, Inc., June 2004.
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APPROACH

An external, high fidelity orbit propagator was used to generate a four day GEO trajectory
with the initial conditions listed in Table 1. The initial epoch was arbitrarily chosen to be June
21, 1998 00:00:00 UTC. This orbit was used as the truth trajectory as well as the external motion
data input to the GPS signal generator. The Navigator receiver begins from a cold start, with no
a-priori knowledge of its position, the position of the GPS satellites, or time. At the beginning of
the scenario, the strongest GPS signals present were approximately 30 dB-Hz (which corresponds
to about -169 dBW on the Spirent simulator). Nevertheless, due to Navigator’s advanced signal
acquisition capabilities, the receiver typically began tracking four satellites within two minutes.

In spite of the poor instantaneous geometry typically available at GEO, the receiver was setup
to compute a point solution which was used to initialize the GEONS software with an estimate of
position, velocity, clock offset, and clock drift. The initial covariance and the actual initial state
vector error are shown in Table 3. From that point, the Navigator provides GEONS with pseudorange
measurements every 10 seconds. The Navigator point solution is output every second through a high
speed data acquisition card, and the GEONS state estimates, covariance, and measurement residuals
are exported through a serial connection for use in data analysis and post-processing. Orbit error
statistics are then generated by differencing the GEONS state vectors against the interpolated truth
trajectory states. Though the filter converged to steady state within 3 hours, only the last half
of the three day simulation was considered in evaluating its performance. Figure 1 illustrates the
laboratory setup.

MODELLING PARAMETERS AND ASSUMPTIONS

The force models used to generate the truth trajectory and those set in the Navigator’s instan-
tiation of GEONS are compared in Table 2. The truth trajectory was generated using high fidelity
models for geopotential, solar radiation pressure, and third-body accelerations. Intentional differ-
ences were introduced in the force model parameters used in GEONS in order to approximate the
model errors faced during actual space flight.

The key GPS simulator settings are summarized in Table 5. The GPS constellation model was
initialized from a YUMA almanac file corresponding to week 963 (June, 1998). The GPS RF sim-
ulator has 16 channels and was instructed to model the strongest 16 GPS signals present, many of
which were actually below the sensitivity threshold of the receiver at any given time. Operating in a
weak signal acquisition mode, the Navigator receiver can search over all 32 PRNs within 60 seconds,
thus no specialized satellite selection algorithms are implemented or needed.

In order to realistically simulate GPS power levels present in a high altitude scenario, the selec-
tion of the GPS transmitter antenna models, and signal strength offsets are critical.2 The Spirent
signal generator has the ability to accurately reproduce the power levels present at the GPS receiver
by carefully modeling the gain patterns of both the transmitting and receiving antennas, as well
as compensating for free-space propagation losses. For this test, the GPS transmitter antenna gain
pattern is based on a Block II/IIA L1 reference gain pattern. A 10 dB receiving antenna, with a
half-power beamwidth of approximately 40 degrees, oriented in the nadir direction, was modeled. A
global signal strength offset of +13dB was used in the RF signal generator; 10 dB for the peak gain
of the receiving antenna, and assuming a typical minimum received L1 power for a terrestrial user
of approximately -157 dBW, an additional 3dB to account for the difference between -157 and the
simulator reference power of -160 dBW.
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The simulated RF signals included neither delays due to the ionosphere, nor errors in the broad-
cast GPS satellite and clock parameters, meaning that although only a single frequency, L1 receiver
was used in these tests, the results presented assume that these errors have been corrected by other
means. In the former case, the RF simulator does not currently include an appropriate ionosphere de-
lay model to properly estimate the delays for a signal crossing the limb of the Earth, passing through
the ionosphere twice. Moreover, the capability to track the new civilian L2 signal is currently being
added to the Navigator receiver, which will allow ionosphere delays to be directly measured and
removed by the receiver. Furthermore, the effects of ionosphere delays for a single frequency user in
this type of orbit have been extensively investigated, and will be presented in a subsequent paper. In
the later case, GPS ephemeris and clock errors can be nearly eliminated in ground-based processing
of GPS measurements, or even in real-time by applying NASA’s Global Differential GPS corrections.7

The GEONS state vector consisted of the receiver position and velocity, clock bias and drift, a
solar radiation pressure coefficient and a drag coefficient. Though the receiver provides pseudorange,
Doppler and carrier-phase measurements, in this test only the pseudoranges were used as input for
GEONS. The standard deviations used to initialize the covariance were set to 1000 meters for the
position components, 2.3 m/s for the velocity, 1e6 m for the clock bias, and 3.2 m/s for the clock
drift. The solar radiation pressure covariance was initialized with a 10% error. The covariance and
process noise on drag coefficient were initialized to values that would prevent any innovation from
being put into the drag, which is a negligible effect at GEO.

RESULTS

Figures 2(a) and 2(b) show the position and velocity errors and corresponding covariance values
over a three day test of the receiver. The state used to initialize the filter, shown in Table 3, was
accurate to approximately 30 meters and 7 m/s, which allowed the filter to converge to steady-state
rapidly. Figure 3 depicts the GEONS estimated clock bias, drift, and solar radiation pressure coef-
ficient plus corresponding covariances.

The error statistics, shown in Table 4, were computed based on the last half of the solutions
reported by the receiver, or over a span of 1.5 days. The maximum total position and velocity errors
were less than 34 meters and 4 mm/s respectively. Mean total errors were approximately 5 meters
and 1 mm/s in position and velocity. Figures 2(a) and 2(b) indicate that the most significant errors
were present in the radial direction. This is most likely indicative of poor satellite geometry at GEO.
Note that a spike in the position error plots occurs at the day boundary.

The top frame of Figure 4 shows that between 4-10 satellites were typically tracked simultaneously
over the first 24 hours of the test. The lower frame shows the actual signal to noise ratios recorded
by the receiver for these signals. The strongest signals, from the GPS main lobe, were as high as
44-45 dB-Hz. The highest side lobe signals were approximately 31 dB-Hz. The weakest signals
tracked were between 22-23 dB-Hz. The horizontal dashed line represents the approximate track-
ing threshold of a conventional GPS receiver, highlighting the advanced capabilities of the Navigator.

Figures 5(a) and 5(b) show direct comparisons of the simulated power recorded from the RF
simulator versus Navigator measured C/No for two typical satellite passes. Significant numbers of
observations were made from side lobe signals, but the weakest signals from nulls in the GPS antenna
pattern (approximately 40 degrees from the center, as shown in Figure 5, were not tracked by the
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receiver. Differences between the acquisition and tracking thresholds in the receiver are apparent
from these plots; however, these thresholds do not necessarily represent the limit of performance
from the receiver, but are based on thresholds that were programmed into the receiver software for
this test. The acquisition sensitivity was also reduced by a few dB due to cross-correlations with
the strongest signals.

It should be noted that the Spirent simulator makes very coarse step adjustments to the modeled
signal strength, which in some cases caused temporary loss of lock by the receiver. These effects are
not expected to be present in real applications where the power will change smoothly.

Figure 6 shows the Geometric Dilution Of Precision (GDOP) for the the current data set. The
GDOP is one way to describe how favorable the GPS constellation geometry is in relation to the
receiver. Typically, the accuracy of the receiver’s point solution is directly related to the GDOP.
For the Navigator receiver, when the GDOP is favorable, the point solution has a 3-D error of
approximately 30 meters. However, as the GDOP varies, the point solution errors will double or
even triple. This effect is illustrated in the bottom pane of Figure 6. The addition of the GEONS
filter reduces the dependence of the estimated solution on the GDOP.

A NOTE ON THE CONTRIBUTIONS OF SIDE LOBE SIGNALS

Clearly the side lobe signals contribute significantly to the GPS observability in this paper, for
without these signals there would be significant periods when no main lobe signals are present.
To fully understand the results presented above, it is important to consider some assumptions
regarding the model of the GPS satellite antenna pattern and how this model affects the number of
GPS satellites present. In this test, the Navigator receiver acquired and tracked GPS signals down
to approximately 22 to 23 dB-Hz, which corresponds to a signal level from the Spirent simulator
near -177 to -176 dBW. At a receiver sensitivity of -176 dBW, there are many GPS signals present
extending far down into the side lobes of the GPS satellites’ radiated power. The antenna pattern
modeled in this test provides the ‘mean’ or ‘typical’ gain of a Block II/IIA vehicle as a function
of GPS nadir angle. This is an accurate representation of the GPS main lobe signals down to
approximately 25 degrees; however, beyond 25 degrees there may be large azimuthal variability in
the real antenna gain and phase. Furthermore, the actual side lobe signals from different blocks of
GPS satellites are known to be highly variable.5 A more sophisticated model for the GPS satellite
antenna patterns is under development, and a future paper will further investigate the sensitivity of
navigation performance to variations in both the amplitude and measurement noise present in the
GPS side lobe signals.

CONCLUSION

The Navigator GPS receiver was developed from the ground up to operate in LEO, GEO and
beyond. Advanced signal acquisition capabilities provide in excess of 10 dB increased sensitivity and
drastically reduced latency for satellite acquisition. The increased sensitivity enables the Navigator
to track the GPS side lobe signals, providing substantially more satellites to track. When cou-
pled with the GEONS orbit determination software, the Navigator is able to do real-time position
estimation to within 10 meters RMS.

Work continues on the Navigator to further expand its capabilities, including the addition of the
new L2C signal to provide dual frequency tracking. The measurement accuracy can be increased
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by utilizing the carrier phase measurement to smooth out the pseudoranges, thus potentially in-
creasing the overall solution accuracy. In highly elliptic orbits, satellite tracking and acquisition
becomes increasingly difficult due to the large variations in signal dynamics and signal strengths
between perigee and apogee. Additional tests are being conducted with the Navigator in highly
elliptical orbits under consideration for the Magnetosphere Multiscale Mission (MMS), with low
perigee altitudes, but apogees ranging from 10 to 30 Earth Radii.
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Table 1 Truth Trajectory Initial Conditions: ECEF Frame
Position (m) Velocity (m/s)

X Y Z VX VY VZ

-4.2077e+007 -2.5936e+006 -9.7820+003 -3.4643-001 -1.0862e+000 1.40265e+001

Table 2 Force Modeling Parameters
Model Parameter Truth Trajectory GEONS

Epoch 21 June 1998, 00:00:00 UCT 21 June 1998, 00:00:00 UCT
Geopotential 70x70 JGM2 10x10 JGM-2
Drag Model Not Modelled Harris-Priester (analytic)
Drag Coeff. 2.0 (constant) estimated

SRP 1.4 (constant) estimated
Third Body luni-solar luni-solar

Spacecraft Mass 1800 kg 1800 kg
Surface Area 12 m2 10 m2

Table 3 Initial Covariance and Error Terms
Initial Covariance Initial State Initial Error

radial [m] 1000 -42077291.6 27.1
Position transverse [m] 1000 -2593962.2 -2.0

orbit normal [m] 1000 -2593962.2 -3.6
radial [m/s] 2.3 -12.659 12.344

Velocity transverse [m/s] 2.3 -2.174 -0.349
orbit normal [m/s] 2.3 13.961 0.076

Clock Parameters clock bias [m] 1.0e6 -6.06844e+007
clock drift [m/s] 3.2 -8.292

Drag Coefficient 0.00 2.00
SRP Coefficient 0.12 1.20

Table 4 Position and Velocity Error Statistics
Radial Transverse Orbit Normal Total

Position[m]
Mean 0.480770 0.707032 0.074927 3.740864
Max 10.284431 3.947595 2.388286 11.853156
STD 4.079219 0.997700 1.071977 2.350742
RMS 4.107275 1.222789 1.074546 4.418096

Velocity[cm/s]
Mean 0.001644 0.002727 -0.002218 0.061129
Max 0.153611 0.093045 0.036430 0.166197
STD 0.058482 0.036639 0.016560 0.036261
RMS 0.058503 0.036739 0.016707 0.071074
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Table 5 Spirent Signal Generator Parameters

Parameter Setting Parameter Setting
Simulation 21 June 1998 GPS 27 satellites

Epoch 00:00:00 UTC Satellite constellation from week
Orbits 963 YUMA almanac

Transmitter Modeled based on Transmitter Global signal
Antenna block II/IIA Signal strength offset

Gain gain data8 Strength 13 dB-Hz
Receiving 10 dB Receiver 12

Antenna Gain gain antenna Channels Channels
Receiver Tracking Determined By Simulated Satellite 16 Satellites With

Threshold Receiver (22-23 dB-Hz) Selection Metric Highest Signal Strength
GPS Ephemeris None Ionosphere None

and Clock Errors Modeled Errors Modeled
Measurement Noise Actual Noise Receiver Actual Stability

Characteristics of Receiver Clock Stability of Receiver (TCXO)
Other Measurement None

Errors Modeled

Figure 1 Hardware Setup
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Figure 2 GEONS Position and Velocity Estimation Errors
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Figure 5 Real Vs. Simulated Power Levels
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