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Abstract—This paper presents a technique for on-the-fly
rejection of GPS pseudorange data outliers. It is developed for
applications in whom high accuracy navigation is needed in real
time, as for the relative positioning of satellites in Low Earth
Orbit. The proposed technique relies on two metrics screening
the residual ranging errors in the Zero-Difference and Single-
Difference pseudorange measurements with respect to an a-priori
threshold. Preliminary tests carried out on flight data from the
Gravity Recovery and Climate Experiment mission demonstrate
the effectiveness of the proposed approach.

Keywords—Outlier rejection; Data editing; Global Positioning
System; Relative Positioning; Low Earth Orbit

L INTRODUCTION

GPS is the ideal sensor for the positioning of satellites
flying in Low Earth Orbits (LEO). Both absolute and relative
positioning solutions can be achieved and used in a variety of
applications, from Earth observation to geodesy and universe
science missions. State-of-art dual-frequency receivers and
navigation filters achieve decimeter to centimeter positioning
accuracy in real-time [1],[2].

However, GPS observables are typically affected by
outliers that, if not discovered and effectively rejected, may
significantly degrade the positioning solution accuracy [3].
This problem is of particular relevance to applications in which
a centimeter-level accuracy is desired.

The present paper focuses on techniques and algorithms for
on-the-fly rejection of outliers in pseudorange measurements
suitable to autonomous, real-time, onboard relative positioning
of formation flying satellites in LEO. Accurate relative
navigation of formation flying satellites requires taking into
account also the absolute position of one of the satellites.
Outlier rejection is thus performed in both absolute or Zero-
Difference (ZD) measurements (i.e. measurements collected by
each receiver independently) and relative or differenced
measurements.

Conventional approaches for outlier rejection in terrestrial
applications exploit GPS measurement redundancy [4]. Well-
known and widespread RAIM (Receiver Autonomous Integrity
Monitoring) techniques are based on this idea. Adaptation of
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such techniques to spacecraft positioning by GPS is however
non-trivial. Very fast spacecraft dynamics (up to 7 km/s), lack
of computational resources, and reduced electronics
performance due to the harsh space environment are all factors
that make this application particularly challenging. Moreover,
the orbital altitude degrades the GPS observation geometry,
implying that measurement redundancy might not be available
for receivers in which the separation (baseline) among the
satellites is in the order of hundreds of km. Hence, the present
paper is aimed at developing a technique able to perform
outlier detection at the current time instant without resorting on
GPS measurements at the same time instant. An example of
this approach is TurboEdit developed by JPL in the nineties
[5],[6] . The method exploits wide-lane and ionospheric free
combinations of GPS measurements to detect the outliers
epoch-by-epoch based on a polynomial fit of pseudorange
measurements. Similar concepts are also used in GPS-based
geoscience applications based on different statistical
approaches [7]. Concerning GPS applications in LEO, post-
processing data editing procedures have been also proposed
and successfully tested on real-world GPS data [8]. These
methods are, however, of limited practical utility for real-time
onboard positioning in LEO. Indeed, they either assume a static
receiver or require acquisition of extremely long data arcs,
assumptions that do not hold true in these applications.

The paper is organized as follows. Section II illustrates the
GPS measurement model and the on-orbit relative geometry.
Based on this model, the outlier rejection approach applied to
absolute and relative pseudorange measurements is presented
in section IIl. Section IV presents the experimental results
achieved by the proposed technique on flight data from the
Gravity Recovery and Climate Experiment (GRACE) mission.
Finally, Section V draws the conclusions.

II.  MEASUREMENT MODEL

Let us refer to a typical system for Earth observation and
geodesy applications [2], comprising two receivers on board
two LEO spacecraft, denoted by Chief and Deputy, separated
by a certain baseline b (see Fig.1).
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Fig. 1. GPS Satellite-receiver on-orbit geometry

The following standard observation model [9] serves as a
basis for relating dual frequency pseudorange GPS observables
to the position of the two receivers:

(B)" =(p") +iL+(&). (1a)

rec

(B).=(p") +7i+ (e (1b)
where P indicates pseudorange measurements, the subscripts 1
and 2 the L1 and L2 frequency, and sv denotes the GPS
Satellite Vehicle (SV) from which the measurement is taken by
the receiver rec. The geometric term p  lumps together non-
dispersive delays, such as the LoS (Line-of-Sight) distance
between the SV sv and the receiver rec p)., and the clock
biases ot multiplied by the speed of light in vacuum c¢. The
values of the GPS SV clock biases cor”” are estimated using
parameters broadcast in the GPS navigation message.

p) =p +cdt. —cot” (1¢)
( )rec rec rec

The first order ionospheric delay on the L1 frequency is
denoted asi’, and depends on the inverse square of carrier
frequency. The ionospheric delay on L2 is thus univocally
determined by % and the ratio between GPS signal
wavelengths, y=4,/4,. At last, the ¢ terms are assumed mutually

uncorrelated Gaussian white noises.

III. PSEUDORANGE OUTLIER REJECTION TECHIQUE

All the tests for pseudorange rejection are based on
estimating a residual error conditioned to the measurement
under analysis, and compare it with an a-priori threshold C,. In
practice, each test ¢ defines an outlier rejection region out,,
based on a metric ||f; || depending on the measurement X,

rec *

When the measurement X ec is distant by ||f;|| more than the a-

priori threshold from the origin, it is thought to belong to out,
and rejected.

out, ={x 3. |4 (x3%) > €. (2)

The first outlier rejection test screens the residual ranging
error in the ZD pseudorange measurements and is thus denoted

by the zd subscript. The ionospheric delay term present in the
ZD measurement is deleted by forming ionospheric-free
combinations [9]. The residual can be then computed once an

estimate of the lumped geometric range ( p ) is provided.

out {Xf(fc: foa >Czd} , Cy =5-m (3a)
Fa =B =(07) (3b)
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The a-priori outlier rejection threshold C,, is fixed as five
times the expected standard deviation of the f;, indicator
function. The five-sigma bound has been fixed for rejecting
large errors while still being capable of using as much as
observations as possible in the unfavorable GPS observation
geometry from LEO.

The second outlier rejection test applies the same metric of
Eq.(3) to Single-Difference (SD) pseudorange measurements,
thus it is denoted by the sd subscript. The f;, indicator function
is taken as the SD of the f; ones for the chief and deputy
receivers, whose relevant variables are denoted by the ¢ and d
subscript, respectively. Hence, introducing the SD operator as

A= ()a— (e , the f;; function can be written as
(fsd )SV =AM (fzd )SV = )
sV \SV a
= (P]F )Zv ~(Pr )ZV _(ﬁ )d +(p )c

Also in this case, the residual can be computed once an
estimate of the SD geometric term is provided. Being the f,
metric based on SD measurements, if a measurement is
classified as an outlier for one receiver, it will be classified as
an outlier for the other receiver as well. It is worth noting that
measurements of GPS satellites not in common view of the two
receivers cannot be screened by such test. The a-priori outlier
rejection threshold C, is fixed to the five-sigma bound in this
case as well. The outlier rejection region is thus expressed as
follows.

Outs {X;:)C : (fsd )SV > Csd} > Csd =5 \/ Var[f:sd] (4b)

In order to perform the above tests on the fly, the relevant
geometric and clock terms must be estimated in real-time. This
requires computing the receiver position and clock bias at any
time t, without resorting to the GPS measurements at the same
time instant. Hence, an extrapolation from time t,_; is needed.
To this end, the correlation in time of each receiver’s position
(caused by the orbital dynamics) and clock bias is exploited. In
this respect, these estimates are obtained in real-time as the
result of the propagation step of an EKF (Extended Kalman
Filter), as shown in Fig.2. Details about the EKF formulations
used, whose accuracy is compatible with the previously



introduced outlier indicator functions, can be found in
[2],[10],[11].
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Fig. 2. Outlier rejection algorithm logic

The outlier rejection thresholds are fixed a-priori, i.e.
without looking at the f functions realizations on the measured
data. This allows avoiding potentially unstable feedback loops
between the data screened and the pruning indicator functions.
Instead, a constant a-priori variance is specified for both
pseudorange measurements and the lumped geometric term as
estimated by the EKF, obtaining an estimate of the rejection
threshold by consequence.

Denote by o; the standard deviations of the P; measurement
noises and by o, the lumped geometric term one. Pseudorange
measurements on L1 and L2 can be considered mutually
uncorrelated [12]. The lumped geometric term is also assumed
uncorrelated with the measurements. Indeed, it is computed
without resorting to the GPS measurements at the same time
instant. The variance of the f;, function is thus estimated by

1
—2[0'12 + 7/40'22]+0'f, (52)
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The variance of the f;; function is estimated under the same
assumptions of the ZD case and modelling the correlation
among variables relevant to different receivers. The white
pseudorange measurement noises € are uncorrelated between
the two receivers. Correlation of the lumped geometric term
between the receivers is instead taken into account. Indeed, p°
is estimated using GPS measurements up to time #_; (Fig.2),
which are correlated in space. For receivers separated by a
distance in the order of kilometers, differential GPS (i.e.
removing errors in common between receivers) is capable of
reducing the ranging error of one order of magnitude. The £,
function’s variance is thus modeled as follows, where the
correlation between the lumped ranges of the two receivers acts
as an additional parameter.

var[ £,4] = 2{var[fzd]—6§ ~cor{(ﬁ* ) (5 )} (5b)

Var[fzd] =

IV. TESTRESULTS

The proposed algorithm has been tested on real-world data
from the GRACE mission, launched in 2002, consisting of two
identical satellites, GRACE A and GRACE B, flying in tandem
with a nominal separation of 220 km, in near circular orbits at
an initial altitude of approximately 500 km and 89.5 deg
inclination [13]. The two satellites have two identical NASA
JPL BlackJack GPS receivers [14]. A post-processed version of
the GRACE data, known as Level 1B (L1B) data, is available
to the scientific community by JPL’s Physical Oceanography
Distributed Active Archive Center (PODAAC). The Level 1B
data are derived from the processing applied to the raw data
described by [15]. GPS data used in this paper consist of
pseudorange and carrier phase measurements from code
observations on the L1 frequency and semi-codeless tracking
on the L2 frequency. Data time-tags are corrected to GPS time
using GPS clock solutions computed in post-processing [16].
Performance of the proposed technique is quantified by using
the GPS Navigation (GNV) Level 1B data product, which
contains an estimate of the two spacecraft Center of Mass
(CoM) position vectors with a time-varying accuracy of a few
centimeters £15]. The data set selected for this analysis refers to
October 22™ 2011, which is representative of the most intense
ionospheric conditions across the overall GRACE data set from
2005 to June 2013. The values used for a-priori modeling of
the measurements and lumped range have been fixed taking
into account the typical performance of NASA JPL BlackJack
GPS receivers and of the used EKF formulation. The
correlation between the lumped ranges depends upon the
distance between receivers, with unit values for nearby
receivers. Because of the O(200 km) distance between the two
receivers, a positive 60% correlation has been enforced. Table
1 lists all the fixed parameters, as well as the resulting outliers
rejection thresholds.

Fig. 3 and 4 show the time profile of the ZD (for the chief
receiver) and SD pseudorange outlier indicator functions as
computed by the real-time algorithm, i.e. using broadcast
ephemerides and the EKF predictions to compensate the
geometric terms in Eq.s (3),(4). Pseudorange measurements
determining values in the two metrics well above the threshold
are clearly visible, and are rejected on the fly by the data
editing process.

TABLE L PARAMETERS FOR OUTLIERS REJECTION THRESHOLDS
Variable Value

o 20 cm

123 25 cm

g, 200 cm

corr[(p)a, ()] 0.60

Ca 10.50 m

Cya 10.02 m




At last, an assessment of the accuracy with whom the
lumped geometric term can be estimated in real time is
presented to gain further insight on the performance of the
proposed algorithm. Fig. 8 shows the difference between the
ZD and SD geometry terms predicted by the EKF and used by
the data-editing algorithm versus their true values as computed
by GNV data. The ZD and SD geometry can be estimated with
meter and decimeter-level accuracy, respectively, which
compares well with the selected thresholds for outlier rejection.
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In order to evaluate the effectiveness of the data pruning, its
effect on the positioning error is analyzed. A single-epoch
kinematic position fix is obtained using pseudoranges before
and after the outlier rejection. Fig. 5 and 6 show the errors in
the chief’s absolute position before and after outlier rejection.
Similar results hold for deputy receiver and are not shown for
brevity.

Residual position errors are projected in the Orbiting
Reference Frame, customarily employed in formation flying
and remote sensing applications. This reference frame, shown
in Fig.7, identifies the cross track direction, i.e. the normal to
the orbital plane in the direction of the angular momentum, the
radial direction, opposite to the chief’s spacecraft position
vector, and the along track direction to form a Cartesian
reference frame.

Results suggest that the projected algorithm is capable of
reducing the positioning error r.m.s. value of a factor of 4,
confirming its effectiveness.
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V. CONCLUSION

This paper has described a technique for on-the-fly
rejection of GPS data outliers that may significantly degrade
the positioning accuracy of receivers flying in LEO. The
presented technique relies on two metrics that screen the
residual ranging errors in the ZD and SD pseudorange
measurements with respect to prefixed thresholds. These
metrics are computed in real-time by providing ZD and SD
geometric range estimates through state-of-art navigation filters
available on LEO satellites.

The effectiveness of the proposed technique has been tested
on true world flight data from the Gravity Recovery And
Climate Experiment, consisting of two spacecraft flying in
tandem with a nominal separation of 220 km. For this mission,
both GPS receiver measurements and high-accuracy orbital
data products are made available to the international scientific
community. Results prove that the proposed technique can
actually reject all the pseudorange outliers identified in the
available data set. Future activities will be concerned with
carrier-phase outlier identification and rejection.
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