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Abstract

The evolving BeiDou Navigation Satellite System constellation brings new
opportunities for high-precision applications. In this contribution the focus
will be on one such application, namely precise and instantaneous relative
navigation of a formation of LEO satellites. The aim is to assess the ambi-
guity resolution performance with the future GPS and BeiDou constellations
depending on system choice (GPS, BeiDou, or GPS+BeiDou), single- or
dual-frequency observations, receiver noise, and uncertainties in ionosphere
modelling. In addition, for the GPS+BeiDou constellation it will be shown
how the growing BeiDou constellation in the years to come can already bring
an important performance improvement compared to the GPS-only case.
The performance will be assessed based on the percentage of time that the
required precision can be obtained with a partial ambiguity resolution strat-
egy.
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1. Introduction

In the next decade users will have access to a truly multi-constellation
Global Navigation Satellite System, with more than 100 satellites in orbit,
divided over four individual constellations or systems. Those are the two
currently available systems GPS and Glonass, and in addition the European
Galileo and the Chinese BeiDou systems, both to be fully operational around
2020. The contribution of BeiDou to the relative navigation performance of
Low Earth Orbiting (LEO) satellites will be the topic of this paper.

GPS has already been used for relative positioning of spacecraft in forma-
tion and for rendez-vous applications. The distance between the two space-
craft varied from very short (0-2km) for e.g. the ETS-7 (Kawano et al., 2001),
PRISMA (D’Amico et al., 2006) and TanDEM-X (Montenbruck et al., 2008,
2011) missions, while for the GRACE mission (Tapley et al., 2005) the max-
imum distance was 220km. One of the goals of the PRISMA mission was to
demonstrate real-time GPS-based autonomous formation flying capability,
which was achieved to the level of 1dm (Gill et al., 2007). In all cases, an
extended Kalman filter was applied with the disadvantage that dynamical
models are required and the (re-)initialization time needs to be taken into
account.

The aim here is to investigate whether (near) real-time availability of very
precise relative position solution at cm-level can be attained. This will be
essential for rendez-vous missions and real-time monitoring systems, such
as the TerraSAR-X and TanDEM-X formation (Moreira et al., 2004; Van
Barneveld et al., 2009) and the Garada mission (Garada project, 2012; Li et
al., 2011, 2012). The latter mission will be addressed in this contribution.

For very precise relative positioning in real-time, it is crucial that the
carrier-phase ambiguities can be reliably fixed based on a single or few epochs
of data. However, the high dynamical environment and the fact that all re-
ceivers are moving makes it more challenging to achieve this as compared
to terrestrial applications, where usually a (network of) reference station(s)
is available. Single-epoch positioning has the advantage that no dynamical
models are required and losses-of-lock and/or cycle slips will not require re-
initialization. Unfortunately, precise positioning with GPS-only will often
not be possible due to low numbers of visible satellites, and because the
noise characteristics of space-qualified receivers are often worse than those
of high-quality geodetic receivers. Li et al. (2012) describe the development
of the Namuru space receiver, which should overcome specific challenges re-
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lated to the LEO application and should enable cm-level real-time relative
positioning.

The aforementioned challenges, however, may not be overcome with a
GPS-only receiver. The added value of using the observations from more
than one GNSS has been confirmed in many performance studies, see e.g.
(Buist et al., 2010; Cao et al., 2008; Chen et al., 2009; O’Keefe et al., 2009;
Rizos, 2009; Verhagen, 2007, 2010). Here, it will be specifically investigated
how the relative positioning performance of a formation of LEOs may im-
prove if BeiDou is used, either on its own or combined with GPS. Thereby
different scenarios and circumstances will be considered. Firstly, the perfor-
mance will be analysed for every 30 seconds of a full day and thus many
different satellite geometries. Secondly, both the single- and dual-frequency
case will be considered. Furthermore, different noise characteristics for both
the observations and the residual ionosphere will be applied. Finally, it will
be investigated how the growing BeiDou constellation may already contribute
to improved performance.

It should be noted that instead of BeiDou, the European Galileo could be
considered as well (Galileo, 2013). A similar performance improvement can
be expected with combined GPS-Galileo, since the constellation of Medium
Earth Orbiting satellites of BeiDou and Galileo are quite similar. And since
in addition BeiDou will have the advantage of improved visibility over the
Asia-Pacific region, Galileo has been left out the analysis in this contribution.

In the next section a brief overview of the GPS and BeiDou constellations
will be given. In Section 3 the LEO formation flying mission to be considered
is described. Section 4 presents the GNSS model and performance measures
that will be used in Section 5 for the actual performance analyses.

2. GPS and BeiDou

GPS has been used for precise positioning applications for more than a
decade. The constellation consists of at least 24 Medium Earth Orbiting
(MEO) satellites (currently 31) divided over six orbital planes with an incli-
nation of 55o and at an altitude of 20,200km.

The BeiDou constellation is currently being deployed and is planned to
reach full operational capability by 2020, (BeiDou, 2013; Yang et al., 2011).
The full constellation should then consist of 5 geostationary (GEO), 3 In-
clined Geo-Synchronous Orbiting (IGSO), and 27 MEO satellites. The or-
bital parameters of BeiDou are presented in Tables 1 and 2.
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Table 1: Orbital parameters BeiDou (full constellation), (Yang et al., 2011).

GEO IGSO MEO
#satellites 5 3 24 + 3 spares
#planes 1 3 3
semi-major axis [km] 42,164 42,164 27,878
inclination [deg] 0 55 55
right ascension [deg] 58.75; 80; 110.5; 118; 0; 238 0; 120; 240

140; 160
mean anomaly [deg] 0 0; 118; -120 see Table 2

Table 2: Mean anomalies of BeiDou MEO satellites. ∗: spare satellite.

Plane Right ascension Mean anomaly
[deg] [deg]

1 0 0; 45; 90; 135; 180; 225; 270; 315; 10∗

2 120 15; 60; 105; 150; 195; 240; 285; 330; 55∗

3 240 30; 75; 120; 165; 210; 240; 300; 345; 105∗

Since the BeiDou constellation will not be complete immediately, it is
interesting to see how the growing constellation can already start to con-
tribute to enhanced positioning capabilities. This will be done by defining
nine phases in the BeiDou deployment (these may not be corresponding with
reality, since the exact launch schedule is unknown). In each phase, three
MEO’s are added to the constellation. Phase 0 corresponds to the GPS-only
situation, while in phase 1 it is assumed that there are 3 GEO, 3 IGSO and
3 MEO satellites. In phase 2 and 3 the two remaining GEO satellites are
added.

Table 3 gives an overview of the frequencies (to be) used by GPS and
BeiDou. In this work, attention will be restricted to the open signals. Cur-
rently, dual-frequency dual-system space receivers are already being devel-
oped (Avanzi and Tortora, 2010; Li et al., 2012). Therefore single- and dual-
frequency scenarios will be considered. For GPS, the L1 and L5 frequencies
will be used.

First results with real BeiDou observations have been reported in e.g.
Montenbruck et al. (2012); Nadarajah et al. (2012) and show that the Bei-
Dou observations are of comparable accuracy as those of GPS and Galileo. In
addition, enhanced ambiguity resolution capability with BeiDou was demon-
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Table 3: Overview of GPS and BeiDou frequencies. O = open signal, X = restricted
access.

Band Frequency GPS BeiDou

L1 1575.42 MHz O
B1 1561.098 MHz O
B3 1268.52 MHz X
L2 1227.60 MHz O
B2 1207.14 MHz O
L5 1176.45 MHz O

Table 4: Orbit parameters of Garada satellites

Semi major axis 7,058.14 km
Inclination 98.04◦

Right ascension -90.05◦

Eccentricity 0◦

Mean anomaly 0◦

Argument of perigee 0◦

strated.

3. LEO formation flying scenario and requirements

In the frame of the Garada project (Garada project, 2012), a bistatic
SAR mission is considered for a flood monitoring application. The mission
comprises a constellation of 15-30 formations with 3 or 4 satellites each.

Figure 1 shows an example of one formation, with the red circle, M, rep-
resenting the transmitting spacecraft and the two blue circles, i and j, the
receiving spacecraft, which are separated approximately 80km from the trans-
mitting satellite. The coherence between the observations made by the two
receiving spacecraft is the parameter of interest, as it provides information
on the presence of water and its motion between the two observation epochs.
For the latter, it is required that the time separation between the observa-
tions by the two receiving satellites is in the order of 50ms. For the proposed
Garada orbits, see Table 4, this implies a separation between the receiving
platforms i and j of 0.5-1km. This baseline i-j needs to be determined very
precisely, i.e. at centimeter level.
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Figure 1: Garada formation with transmitting master satellite (M ) and two receiving
satellites (i and j ) with a separation of 0.5-1km.

4. GNSS model and performance

The linearized double-differenced (DD) observation equations for one epoch
are given by

plsij,f = −(uls
i )

T b+ µfI
ls
ij + elsij

φls
ij,f = −(uls

i )
T b− µfI

ls
ij + λfN

ls
ij,f + ǫlsij

(1)

The double-difference variates for receivers i and j and satellites l and s
are defined as xls

ij,f =
(

xs
j,f − xl

j,f

)

−
(

xs
i,f − xl

i,f

)

. The code and carrier-phase

observations are denoted p and φ, respectively. uls
i is the differenced unit line-

of-sight vector, b the baseline vector between the receivers. I is the ionosphere
slant delay, λf is the wavelength for frequency f , and µf = (λf/λ1)

2. N the
integer carrier-phase ambiguity and e and ǫ are the remaining error terms
for code and phase observations, respectively.

In Eq.(1) the GNSS orbit errors are assumed to be cancelled out, which is
a realistic assumption for baselines up to tens of kilometers (Teunissen and
Kleusberg, 1998, Chapter 5). Troposphere delays are absent at the orbital
altitudes and are therefore not present in Eq.(1).

The ionosphere errors will cancel out in the double-differenced observa-
tions for short baselines of a few kilometers. However, for longer baselines
the ionosphere delays must be taken into account. On the one hand, it will
be beneficial or even required to use dual-frequency data then, since the iono-
sphere is a dispersive medium. Furthermore, the ionosphere weigthed model
(Odijk, 2000) can be applied, which means that either corrections are applied
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or it is assumed that the differential delay is zero. With this approach the
ionosphere parameters are eliminated from the observation equations, but
the uncertainty of the corrections is taken into account.

The corrections can be based on a simplified ionospheric path delay model,
which describes the differential path delay based on Lear (1987). This Lear
mapping function has been specifically designed for spaceborne applications
and takes into account that the ionospheric electron density maximum is
at or below the orbital altitude of common LEO spacecraft. This implies
that it suffices to estimate a single vertical delay Iz, which is mapped to the
slant directions. The work on ionospheric path delay models for spaceborne
GPS receivers flying in formation with long baselines is recently extended
in Tancredi et al. (2011). Instead of estimating the vertical delays, it is
also possible to use Vertical Total Electron Content (VTEC) maps from the
International GNSS Service (Dow et al., 2005).

As mentioned, the accuracy of the ionosphere corrections must be taken
into account. It is expressed as the between-receiver single-difference (SD)
ionosphere standard deviation, which can thus be chosen zero or very small
for short baselines, and will increase with baseline length. Van Barneveld et
al. (2009) and Tancredi et al. (2011) reported accuracies of the ionosphere
corrections of 3–4cm for inter-satellite distances of 100–200km. For shorter
distances, accuracies better than 1cm were obtained.

The structure of the observation equations of the pseudorange and carrier-
phase observables is the same, only that the latter contains an ambiguity
term. Since the phase standard deviation is a factor 100 smaller than the
code standard deviation, this implies that the carrier-phase observations will
start to act as very precise pseudorange observations if the ambiguities can
be resolved. Therefore integer ambiguity resolution is the key to real-time
and very precise relative positioning.

The DD GNSS model can be written as:

y = Aa+ Bb+ e, Qyy (2)

where y is the m-vector with DD code and phase observations, b the 3-vector
with unknown baseline increments, a the n-vector with ambiguities, and e
the m-vector with remaining error terms. A and B are the design matrices,
and Qyy is the variance-covariance matrix of y.

If observations from more than one system are utilized, one needs to con-
sider the fact that double-differencing with respect to one common reference
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satellite is only feasible if the same frequencies are employed and if the differ-
ential inter-system biases can be ignored Odijk (2013). In this contribution,
the double-differences are formed with one reference satellite per system since
the frequencies are not all identical.

Solving the GNSS model then comprises three steps. In the first step the
integer nature of the carrier-phase ambiguities is discarded and the so-called
float solution is obtained by e.g. an ordinary least-squares adjustment:

[

â

b̂

]

=

[

Qââ Qâb̂

Qb̂â Qb̂b̂

] [

AT

BT

]

Q−1
yy y (3)

[

Qââ Qâb̂

Qb̂â Qb̂b̂

]

=

([

AT

BT

]

Q−1
yy

[

A B
]

)−1

(4)

â and b̂ are the float ambiguity and baseline estimators, respectively. Qââ,
Qb̂b̂ and Qb̂â = QT

âb̂
are the corresponding (co-)variance matrices.

In the second step the integer ambiguities are estimated and validated
based on the ambiguity float solution. The fixed ambiguities are denoted ǎ.
After successful integer resolution, the ambiguity parameters can be assumed
known, and as such an improved baseline solution, b̌, can be obtained in the
third step with:

b̌ = b̂−Qb̂âQ
−1
ââ (â− ǎ) (5)

Different integer estimators are available for the second step, but the inte-
ger least-squares (ILS) estimator is proven to be optimal, (Teunissen, 1999;
Cai et al., 2009). The ILS solution is given by:

ǎ = arg min
z∈Zn

‖â− z‖2Qââ
(6)

An integer search is needed to determine ǎ. The ILS procedure is efficiently
mechanized in the LAMBDA method, see e.g. (Teunissen, 1993, 1995; Ver-
hagen and Li, 2012). The efficiency is attained by the application of a decor-
relating Z-transformation: ẑ = ZT â, with Qẑẑ = ZTQââZ. Recent contribu-
tions in the field of efficient ambiguity resolution are for instance (Chang et
al., 2005; Jazaeri et al., 2012; Li et al., 2010; Wu et al., 2010).

It should be stressed that an incorrect integer ambiguity solution may
cause large positioning errors, and therefore it is of crucial importance to val-
idate the integer solution, which is generally done based on a discrimination
test (Verhagen and Teunissen, 2006) and/or evaluation of the probability of
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correct integer estimation, the so-called success rate. For performance stud-
ies, the success rate is a very useful measure, as it can be computed without
the need for actual observations. Exact evaluation, however, is not possible
for ILS. Therefore in practice often the lower-bound based on the bootstrap-
ping integer estimator is used. This estimator is known to perform close to
optimal if applied to the decorrelated ambiguities ẑ = ZT â. Its success rate
is equal to (Teunissen, 1998; Verhagen, 2005):

Ps,B =
n
∏

i=1

(

2Φ(
1

2σẑi|I

)− 1

)

(7)

with Φ(x) = 1√
2π

∫ x

−∞ exp{−1

2
t2}dt the cumulative normal distribution, and

σẑi|I the standard deviation of the ith least-squares ambiguity obtained through
a conditioning on the previous I = {i+ 1, ..., n} ambiguities. These σẑi|I are
equal to the square root of the diagonal elements of diagonal matrix D from
the triangular factorization Qẑẑ = LTDL; L is the corresponding unit lower-
triangular matrix.

The success rate depends on the variance-covariance matrix of the float
ambiguity solution Qẑẑ, which can be computed once the GNSS model is
known as can be seen from Eq.(3). As such, the success rate depends on:

• receiver-satellite geometry (depends on time and location, as well as on
which system is used)

• measurement noise (depends on GNSS signal and receiver quality)

• ionosphere uncertainty

• frequencies used (depends on system and receiver)

• number of observation epochs

since these factors drive the strength of the underlying GNSS model. In
this study, the effect of the first four factors will be studied. The VISUAL
software has been used for the design computations, (Verhagen, 2002).

In this work, the condition that the success rate should be larger than
99% will be imposed in order to prevent that large positioning errors due to
wrong fixing may occur. This implies that a precise fixed solution may often
not be available instantaneously due to low precisions. It will be investigated
whether a partial fixing scheme may be beneficial in terms of enhancing the
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availability. The idea is to fix only the largest possible subset of decorrelated
ambiguities ẑ, such that the success rate requirement can indeed be met. As
can be seen from Eq.(7), the bootstrapped success rate will namely decrease
with increasing size of the subset since it is equal to a product of probabilities
smaller than or equal to 1.

The uncertainty in the fixed integer ambiguity solution can be ignored due
to the high success rate requirement. The variance-covariance matrix of b̌ is
obtained by application of the propagation law of variances to Eq.(5):

Qb̌b̌ = Qb̂b̂ −Qb̂ẑs
Q−1

ẑsẑs
Qẑsb̂

(8)

where ẑs is the fixed subset of decorrelated ambiguities.
The precision of relative positioning will here be evaluated with:

σb =
√

trace(Qb̌b̌) (9)

5. Results

In this section the relative positioning performance will be assessed de-
pending on system (GPS, BeiDou, GPS+BeiDou), number of frequencies
(one or two), observation noise characteristics, and baseline length. The GPS
and BeiDou constellations as described in Section 2 will be used. Garada
satellite positions are generated for every 30 seconds of a full day.

By default an undifferenced code standard deviation of 30cm in zenith
direction is applied with exponential elevation-dependent weighting, see Fig-
ure 2. The undifferenced phase standard deviation is assumed to be a factor
100 smaller for all elevations. These values are realistic or even conserva-
tive if compared to values reported for the receivers on-board the GRACE,
PRISMA and TANDEM-X/TERRASAR-X missions, cf. (Montenbruck and
Kroes, 2003; Gill et al., 2007; Montenbruck et al., 2011), respectively. In the
sequel, the code and phase noise is always specified as the standard devia-
tion for an observation from the zenith direction. The between-receiver SD
ionosphere standard deviation by default is equal to zero, since the Garada
satellites will have a separation of at most 1km. In order to account for
the high dynamical environment, the cut-off angle was set to 15o so that
the number of visible satellites will be somewhat lower as compared to most
terrestrial applications.
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Reference scenario

Figures 3 and 4 show the performance for the single-frequency and dual-
frequency systems (left and right, respectively). The availability is defined
as the percentage of time that the baseline precision as defined in Eq.(9) is
better than a certain value and with the success rate required to be larger
than 99%.

Figure 4 shows the number of fixed ambiguities versus the corresponding
baseline precision for each epoch, i.e. it refers to the receiver-satellite geom-
etry at the orbital position of the Garada satellites at that epoch. The color
indicates the fraction of ambiguities, Ffix, that could be fixed at that epoch:

Ffix =
# fixed ambiguities

# float ambiguities
(10)

Ffix = 1 means that all ambiguities are fixed, Ffix = 0 means that no ambi-
guities can be fixed and the baseline precision is equal to the float baseline
precision. For each epoch the float baseline precision is shown in grey.

With single-frequency GPS, the baseline precision will be at the meter
level. Figure 4 reveals that in general only a few ambiguities can be fixed,
which is not enough to allow for a significant improvement of the correspond-
ing fixed baseline precision as compared to the float baseline precision.

With single-frequency BeiDou the results are quite different. For 22%
of the epochs full ambiguity resolution is feasible, and for those epochs the
fixed baseline precision is at the centimeter level. This is due to the improved
satellite visibility in the Asia-Pacific region, which is defined such that China
and Australia are completely covered, see Figure 5. Figure 6 shows the base-
line precision as function of orbital position (longitude and latitude), which
clearly shows that indeed higher precisions are obtained in the aforemen-
tioned region. It may even suffice to use BeiDou-only if this is the region of
interest.

With observations on two frequencies the availability will be largely im-
proved for both GPS-only and BeiDou-only. A precision of a few centimeters
can be available instantaneously for about 95% of the time.

With a combined GPS+BeiDou constellation, the performance can be
further improved due to enhanced satellite visibility, allowing for centimeter
level relative navigation for about 97% of the time with single-frequency
observations, and 100% for the dual-frequency case (see Figure 3).

Figure 4 allows to analyse the contribution of partial ambiguity resolution.
It follows that only if more than 50% of the ambiguities can be fixed (cyan
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Figure 2: Code standard deviation [m] as function of elevation for three values of the
standard deviation in zenith direction, namely 10, 30 and 50cm.

dots), this will lead to improved baseline precision. However, full ambigu-
ity resolution is required for centimeter level accuracies with single epoch
observations.

Contribution of growing BeiDou constellation

The contribution of BeiDou in its nine different phases as defined in Sec-
tion 2 is shown in Figure 7. Only the combined GPS+BeiDou constella-
tion is considered here. The baseline precision is required to be better than
15mm. For the single-frequency scenario this contribution becomes signif-
icant already at an early stage. The availability increases from 0% with
GPS-only to more than 50% with half of the BeiDou constellation. For the
dual-frequency case the availability is already close to 99% with half of the
BeiDou constellation, compared to 90% with GPS-only. Obviously, it will be
interesting to start using combined GPS+BeiDou already now even though
the constellation is far from complete.

Impact of noise

The ambiguity success rate largely depends on the observation noise. Fig-
ure 8 shows how this propagates into the availability for both the single- and
dual-frequency cases with a required baseline precision of 15mm. The avail-
ability is shown as function of the code noise; the carrier-phase noise again
is always a factor 100 smaller.
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Figure 3: Availability as function of required baseline precision (standard deviation of fixed
baseline) for single-epoch GPS, BeiDou, and GPS+BeiDou. Code standard deviation is
30cm, success rate is required to be > 99%. Left: single-frequency; Right: dual-frequency.

With combined GPS+BeiDou instantaneous positioning is possible as long
as the code noise is below 25cm and 35cm for the single- and dual-frequency
case, respectively. Single-epoch precise positioning is not feasible with single-
frequency GPS-only or BeiDou-only for 20% of the time even with very high
precision measurements. With two frequencies the situation is much im-
proved. If the code noise is below 25cm, the availability will be above 90%.
Interestingly, instantaneous positioning is possible with low-grade receivers,
i.e. high noise characteristics, with a dual-frequency GPS+BeiDou constel-
lation.

The dashed lines in Figure 8 show the availability for the Asia-Pacific
region only. Due to the additional IGSO and GEO satellites in this region
the availability can be very high with BeiDou-only, especially with the dual-
frequency scenario.

Impact of baseline length

A longer baseline will imply more uncertainty in the ionosphere correc-
tions/assumptions. Figure 9 shows how the availability decreases as this
uncertainty becomes larger. Only the dual-frequency scenario is consid-
ered since for longer baselines it cannot be expected to obtain good results
with single-frequency receivers. The baseline precision requirement is cho-
sen less stringent, namely 15cm, as it is expected that for the longer base-
lines decimeter-level precision is sufficient since the relative positions are not
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single-frequency BeiDou, success rate is required to be > 99%.
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Figure 7: Availability as function of the growing BeiDou constellation (phase 0 is GPS-
only, phase 9 is full operational capability) for single-epoch GPS+BeiDou. Required
baseline precision is 15mm, success rate is required to be > 99%. Left: single-frequency;
Right: dual-frequency.
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needed for the coherence measurements.
Instantaneous positioning with combined GPS+BeiDou will still be fea-

sible with an SD ionosphere standard deviation of 25mm, which will be a
realistic value for baselines of tens of kilometers if compared to the accura-
cies found in (Van Barneveld et al., 2009; Tancredi et al. , 2011). However,
single-epoch precise positioning with a single system will only be possible
for very short baselines, since the availability drops rapidly with increasing
ionosphere uncertainty. On the other hand, if only the Asia-Pacific region is
to be covered, BeiDou-only will allow for instantaneous ambiguity resolution
as long as the ionosphere uncertainty is less than 20mm. With a combined
GPS+BeiDou constellation the required performance may be obtained for
even longer inter-satellite distances.

For longer baselines it has also been studied how many epochs would be
required in order to meet the baseline precision requirement for at least 99%
of the time. This is shown in Figure 10 for different ionosphere uncertainties
and a precision requirement of 15cm and 5cm, respectively. Increasing un-
certainty in the ionosphere corrections can be interpreted as corresponding
to increasing baseline length. For the less stringent precision requirement, it
can be seen that with combined GPS+BeiDou only one or two epochs suffice,
even for longer baselines. With a single GNSS it is obvious that more epochs
are needed with increasing baseline length, although for short baselines also
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then only a few epochs may suffice. Once the precision requirement is set to
5cm, it becomes clear that only combined GPS+BeiDou will allow to reach
the performance rapidly.

In conclusion, it can be stated that high precision relative positioning
with GNSS will be feasible in (near) real-time. For longer inter-satellite
distances it will be necessary to use dual-frequency observations from two
systems, while for short distances even one system may suffice depending on
the actual requirements as well as on the receiver noise and uncertainty in
the ionosphere corrections.

6. Concluding remarks

The performance study presented in this contribution clearly shows the
added value of BeiDou as it comes to real-time precise relative positioning of
LEO satellites. A dramatic improvement in availability will be possible with
a combined GPS+BeiDou constellation, already in the deployment phase
of BeiDou. If the area of interest is restricted to the Asia-Pacific region
even BeiDou-only may suffice for shorter baselines once the constellation is
complete.

The results in this contribution show the theoretical performance as de-
pending on the choice and availability of GNSS, the number of frequen-
cies, the observation noise and the uncertainty in the ionosphere corrections.
Once realistic values for noise and accuracy of the ionosphere corrections are
available for future missions, this will allow to assess the expected relative
navigation performance.

Especially for space applications the low number of visible satellites, high
observation noise and multipath may hinder successful single-epoch ambigu-
ity resolution. The problem of bad satellite visibility can be overcome by
using a dual-constellation, as is demonstrated here. Different figures for the
measurement noise have been applied to study the sensitivity of the ambi-
guity resolution performance. This revealed that high noise will have a big
impact with a single GNSS, but less so if GPS+BeiDou observations are
available. The problem of multipath-induced errors has been left out of this
study, since these errors depend very much on the platform and satellite ge-
ometry. All in all, it can be concluded that from a theoretical point of view
very precise relative positioning with single-epoch GNSS will be feasible with
a dual-constellation GNSS.
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In this contribution only formation flying with a single antenna configura-
tion on each LEO platform is considered. The results can be significantly en-
hanced with two or more antennas with a known geometry on each platform.
Multi-antenna configurations allow for GNSS carrier-phase based attitude
determination. It has been shown that ambiguity resolution success rates
will be dramatically improved by exploiting the known antenna geometry
as mechanized in the Multivariate-Constrained LAMBDA method, (Buist et
al., 2010).
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