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Abstract: Two formation flying missions are currently planned for highly elliptical orbit,
NASA’s Magnetosphere Multi Scale Mission and ESA’s Proba-3; however, neither of
these missions will take advantage of the new positioning opportunities offered by multiconstellation GNSS and their modernized signal structures. This paper investigates the
potential benefits through a detailed visibility simulation which includes GPS, Galileo,
GLONASS, BeiDou, QZSS, WAAS, EGNOS, GAGAN, SDCM and MSAS.
Results based on the Proba-3 orbit demonstrate that the GNSS signals are marginally
detectable by a standard GNSS receiver, and therefore the output of any visibility
simulation is highly dependent on the input simulation parameters. Because small
changes to the mission and receiver or unexpected GNSS signal levels can significantly
impact the visibility, investing in weak tracking and multi-constellation GNSS is
particularly advantageous to mitigate the impact of uncertainty in the HEO environment.
Under the right conditions, regional systems are shown to be particularly advantageous.
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1. Introduction
Formation flying in highly elliptical orbit around the Earth (HEO) offers numerous
prospects for scientific research and technology demonstration. Aside from various
studies and mission proposals made over the past decade, two actual HEO formation
flying missions are currently under development. NASA’s Magnetospheric Multiscale
Mission (MMS) aims at a study of the Earth magnetosphere using a formation of four
spacecraft, while the European Space Agency’s Project for Onboard Autonomy 3
(PROBA-3) will study the Sun with a large coronagraph formed by two spacecraft in a
tightly controlled formation. Both missions consider GPS as a sole or complementary
navigation system to operate and control the formation. MMS will make use of GPS L1
C/A-code measurements as the only source of navigation information, and will meet the
relative positioning accuracy requirement of 100m (at the most stringent) by postprocessing the measurements on the ground [1,2]. Proba-3 will make use of GPS
during the perigee passage and for coarse formation acquisition, while relying on optical
positioning sensors for relative positioning at apogee when spacecraft alignment at the
mm level will be required to achieve the scientific objectives [3,4].
Other than existing formations (GRACE, PRISMA, or TanDEM-X) in low Earth orbit
(LEO), HEO missions no longer operate in the standard GPS Service Volume, which is
confined to the near-Earth environment. Positioning outside the Service Volume is
challenging because the GPS satellites have directive antennas which point towards the

Earth. There is some spill-over which allows satellites in LEO to have similar operating
conditions to those on the Earth’s surface, but receivers above the GPS satellites rely
on positioning signals from the far side of the Earth, which results in poorer positioning
geometry and weaker signals due to additional free-space path loss. Because the Earth
obstructs a significant portion of the GPS constellations, it is also unlikely that the
required number of GPS signals for single point positioning can be simultaneously
tracked at high altitudes above the Earth. Figure 1 depicts the typical geometry of a
Proba-3 type orbit and the GPS orbit. The blue line represents the approximate
boundary of the area within which the GPS signal is strong enough to be acquired,
assuming a 33 dB Hz acquisition threshold and a 3 dB isotropic receiving antenna.
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Figure 1: Visibility of a GPS satellite from HEO
Neither of the above mentioned HEO formation flying missions plans to take advantage
of the new developments in Global Navigation Satellite Systems (GNSS), such as
multiple constellations and new signal structures, for positioning outside the Service
Volume. The new GNSS systems and modernized signal structures offer exciting
advantages over legacy GPS. Among them are data and pilot channels which allow for
longer coherent integration times to track weaker signals, wider signal bandwidths
which potentially allow for more accurate code measurements, more frequencies which
stand to improve the chances of carrier phase ambiguity resolution through wide-lane
combinations, and most importantly an increased number of GNSS satellites, which
substantially increases the number of simultaneous positioning measurements available
to receivers outside the main GNSS service volumes. On the other hand, the new
GNSS signals are more difficult to acquire, and there are system dependencies such as
timing biases which must be properly accounted for in order to simultaneously use
signals from different GNSS systems.

This paper presents insights into the advantages of using multi-constellation GNSS for
HEO formation flying, based on a detailed visibility simulation. It builds on similar
studies by [5-8] by discussing aspects such as the sensitivity of the visibility simulation
to poorly known simulation parameters, the required number of satellites to obtain
position updates under various conditions, the advantages of new signal structures for
weak tracking, and the advantages and disadvantages of regional systems and satellite
based augmentation systems.
The second section of this paper provides an overview of the simulation parameters
describing the formation flying mission, the GNSS constellations, and the GNSS
receiver characteristics. The third section presents the results from various simulations,
and the fourth section summarizes the conclusions.
2. Simulation and Assumptions
In order to assess the value of the various GNSS constellations, a detailed visibility
simulation tool was created to calculate the geometry and link budgets of the GNSS
constellations relative to a receiver on a user defined satellite. A goal of the visibility
simulation was to have the software remain as flexible as possible, in order to easily
change any element of the simulation. In the process of building the simulation a vast
number of assumptions therefore had to be made and justified in order to obtain results:
assumptions about the formation flying mission, about the GNSS constellations, and
about the GNSS receivers.
2.1 Formation Flying Mission
The results presented in this paper are based on a Proba-3 type formation flying
mission. Table 1 summarizes the assumed orbital elements, which are based off of [9]
and the same as those used for the study in [10].
Table 1: HEO Orbital Parameters
Element
Value
Units
a
37039887
metres
e
0.80620521
i
59
degrees
187
degrees
ω
142
degrees
Ω
0
degrees
ν
GM
3.98601E+14
m3/s2
In carrying out the research two attitude profiles were assumed. The first is an “ideal”
inertial profile with the GNSS antenna oriented parallel to the line of apsides towards
perigee, which was found to be nearly optimal in terms of number of visible GNSS
satellites throughout the orbit, and optimal in terms of both simplicity and in terms of the
mean tracking arc duration through the perigee passage. It is depicted in Figure 2. The
majority of the presented results are for this case.

The second attitude profile is a sun-pointing profile, in keeping with the Proba-3 mission
requirements. It makes the assumption that the GNSS antenna is on a face orthogonal
to the sun pointing vector, and is therefore able to freely rotate about the sun vector
such that the antenna boresight is as closely aligned with the ideal profile as possible.
The sun pointing profile introduces a time of year dependence into the results, with two
optimal dates in mid-May and mid-November when the sun vector is normal to the
orbital plane and the sun-pointing profile reduces to the ideal profile, and two critical
dates in mid-February and mid-August when the sun is aligned with perigee and apogee
respectively, and the antenna is forced to point perpendicular to the ideal case.
HEO
GPS
Earth

Figure 2: Ideal attitude profile for HEO GNSS tracking
2.2 GNSS Constellations and Signals
Six sources of satellite navigation messages have been considered in this study: GPS,
GLONASS, Galileo, BeiDou, QZSS and the satellite based augmentation systems
(SBAS).
GPS
GPS is the fully operational American GNSS, consisting of a minimum of 24 active
satellites in six orbital planes, with an orbital radius of approximately 26561 km. The
GPS satellites historically transmit a civilian signal on the L1 frequency, and a precise
military signal on the L2 frequency, but the system is being modernized to transmit a
new signal on L1, a civilian L2 signal, as well as an L5, all of which have modernized
signal structures for improved tracking accuracy and weak signal tracking [11-13]. GPS
is the only system of the six for which tracking beyond the service volume has been
demonstrated [14-16].
GLONASS
GLONASS is the fully operational Russian GNSS, consisting of 24 active satellites in
three orbital planes with an orbital radius of 25478 km and currently transmitting legacy
civilian signals on L1 and L2. GLONASS uses frequency division multiple access
(FDMA) to distinguish between satellites, which adds an element of complexity as each
satellite transmits at slightly different frequencies. Modernization plans include
transmitting code division multiple access (CDMA) signals on L1, L2, L3 and L5. [17-19]

Galileo
Galileo is the European GNSS currently under development. The full system will consist
of 27 satellites plus 3 active spares in 3 orbital planes with an orbital radius of 29601
km, four of which have been launched. Galileo will transmit E1, E5a and b, and E6
signals which all have modern signal structures for improved accuracy and weak
tracking. E1 shares the same center frequency as GPS L1, and E5a as GPS L5 for
improved compatibility [20].
BeiDou
BeiDou is the Chinese GNSS currently under development. It is being completed in two
phases. The first is the regional system consisting of a combination of satellites, five in
geostationary orbit (GEO), five in inclined geosynchronous orbit (IGSO), and four in
medium earth orbit (MEO), which is fully operational as of late 2012. The second phase,
consisting of a global system of MEO satellites, is expected to be operational by 2020.
As of yet only the B1 I signal, which has a slightly different centre frequency than GPS
L1 and Galileo E1, has been defined in the interface control document [21]. B2 and B3
signals, at the same frequency as Galileo E5b and nearly the same as Galileo E6, have
also been observed and tracked [22,23].
QZSS
The Quazi-Zenith Satellite System (QZSS) is Japan’s regional augmentation system
which is currently under development. According to the current ICD it will consist of
three inclined geosynchronous satellites (one is currently operating) in elliptical orbits
such that they are at apogee over Japan, to supplement the other GNSS systems in
Japan’s urban canyons [24]. More recent information suggests that the final
constellation will consist of four or seven satellites [25]. The QZSS system will transmit
GPS L1C/A, L1C, L2C, L5, and L6 LEX signals as well as SBAS type corrections on L1
and future L5 for maximum compatibility.
SBAS
The satellite based augmentation systems (SBAS) typically consist of payloads on
geostationary communications satellites re-transmitting information to aid GPS/GNSS
positioning for users. The primary purposes of SBAS are to provide the aviation
community with atmospheric corrections and better positioning integrity. There exist a
number of systems, including the US WAAS [26], European EGNOS [27], Japanese
MSAS, Russian SDCM, and Indian GAGAN, which consist of 1-3 satellites each. These
satellites transmit on the L1 and sometimes L5 frequencies, but have a different clock
concept than the true GNSS systems, with the result that the clock and orbit errors are
not as well known.
GNSS Constellation Assumptions
The positions of the GNSS satellites have all been computed from two line element sets
(TLEs) for January 14 and 15, 2013, and the simulations were carried out for same
dates for a realistic alignment of the GNSS satellites. Only existing, operational GNSS
satellites have been simulated with the exception of Galileo, in which case the TLE of

the existing four satellites were used as the starting point and modified to obtain TLEs
for a full 27 satellite Walker constellation.
The design of the GNSS satellites, in terms of transmitting antenna gain pattern and
equivalent isotropically radiated power (EIRP), makes a very significant difference in the
signal strength at a given point in space, and therefore in the number of visible GNSS
satellites. The assumed gain patterns are depicted in Figure 3.
The GPS pattern is an average of the four orientations of the Czopek pattern [28], which
was found to agree well with all other alternatives found in literature [15,16,29,30].The
GAGAN pattern was presented in [31], the Galileo pattern in [32], the centre of the
QZSS pattern in [33] and the WAAS prototype in [34]. For lack of better information, the
GLONASS and BeiDou MEO patterns are assumed to be the same as GPS with the
side lobes removed. The WAAS prototype is used for all SBAS systems not otherwise
specified, and the QZSS profile was assumed for the BeiDou IGSO/GEO satellites.
Although there is known to be a strong azimuth dependence in the GNSS patterns,
insufficient information is available to adequately model it, and instead all gain patterns
are assumed to be radially symmetric. Block dependence is also ignored in all cases
except to differentiate MEO and geosynchronous satellites for BeiDou.
Transmit Antennas
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Figure 3: Assumed transmission gain patterns for the GNSS systems
The EIRP values were back calculated from the minimum received signal powers for a
user on the earth and a GNSS satellite at 5 degree elevation (specified in the systems’
ICD’s), the transmission gain patterns, an assumed atmospheric loss of 2 dB on the
earth, and a free space path loss calculated from the GNSS satellites’ orbital altitudes.
The signal power at an arbitrary point in the HEO orbit can then be calculated as in
equation 1.

C (dBW) = EIRP (dBW) + GTx(dB) + Latm(dB) + Lpath(dB)

(1)

Where C is the signal power, GTx is the transmit antenna gain in the direction of the
point, Latm is the atmospheric loss assumed to be zero, and Lpath is the free space path
loss. To compensate the assumption that atmospheric loss is zero in HEO, a 500 km
mask of the earth was added to exclude signals passing through dense atmosphere
near the earth’s surface.
In spite of the efforts made to model them, transmission gain patterns and EIRP remain
significant sources of uncertainty in any study of this type, and the results should
therefore not be taken out of context.
2.3 GNSS Receiver Parameters
The choice of GNSS receiver has an impact of all aspects of the study. The behavior of
a particular receiver is determined by the front end and the acquisition and tracking loop
algorithms, which are built on may minor design decision which may even be unique to
particular signals. These determine not only which signals and systems may be tracked,
but also how whether the receiver is able to acquire and track a signal with a given
received power. There are therefore an uncountable number of implicit assumptions
built into any simulation of this type.
For the purposes of this study, the receiver behavior has been modeled by two
numbers, the acquisition and tracking thresholds. All signals at or above the acquisition
threshold are assumed to be instantaneously acquired, and it is assumed that lock is
maintained until the signal drops below the tracking threshold. No consideration has
been given to the time required for acquisition because it is expected to be on the order
of a few minutes, insignificant given the simulation time step of 5 minutes. Unless
otherwise stated, the results presented in this study were generated assuming using a
common acquisition threshold for all signals and constellations of C/N0 = 33 dB Hz and
a tracking threshold of C/N0 = 25 dB Hz.
The equation used to translate signal power at the receiving antenna to the carrier to
noise density ratio, C/N0, is equation 2 below.
C/N0 (dB Hz) = C (dBW) + GRx (dB) – ( KB (dBW/K Hz) + Tsys(dBK))

(2)

Where C is the signal strength as defined in the previous section, GRx is the receiving
antenna gain in the direction of the GNSS satellite, KB is Boltzmann’s constant, and Tsys
is the system noise temperature.
The Tsys value is the sum of the sky/antenna temperature, Tsky, and the receiver noise
temperature. The receiver noise temperature derives from a reference temperature T0
as well as the noise figures, NF, losses, L, and gains, G, of the receiver front end. The
equation for Tsys is equation 3 below [35].

[

]

Tsys = Tsky + T0 L1 − 1 + L1 [ NF1 − 1 + G1−1 [ L2 − 1...]]

(3)

A “typical” value for Tsys of 207 K = 23.2 dB K based on calculations in [36] has been
used, which results in reasonable peak C/N0 values on the order of 53 dB-Hz for a 3 dB
RHCP hemispheric antenna on the earth’s surface. The reference temperature is
assumed to be 290 K, as in [35]. However, according to the HEO specific link budget
computations in [37], which use slightly different equations, it appears that Tsky is
neglected altogether and the reference temperature T0 ranges from 180 K to 290 K
depending on the antenna pointing direction. The difference in the two equations is on
the order of 2 dB Hz, which is well within the level of uncertainty of the GNSS transmit
gain patterns, but again highlights the extent to which the results should be taken in
context.

dB Relative to Boresight

Finally, the receiving antenna was assumed to be hemispheric, with the gain pattern of
Figure 4, a hard cut off 85 degrees from bore sight, and a 3 dB peak gain.
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Figure 4: Receiving Antenna Gain Pattern
3. Results
Although a considerable number of cases have been tested in the simulation, a small
subset of the results are presented which highlight the potential benefits of multiple
MEO constellations, new signal structures, and regional systems.
The overarching assumption in the results is that the formation flying spacecraft share
nearly identical attitude profiles, and therefore all visible GNSS satellites are common to
all satellites in the formation.
3.1 Multiple MEO Constellations
For kinematic positioning, the number of unknowns using a single GNSS system is four,
regardless of whether it is single point or relative kinematic positioning. Three of these
unknowns are the 3D (relative) position components, and the fourth is the (relative) time
offset. The time offset is of particular importance for relative positioning, because it
allows the measurements from multiple receivers to be synchronized. At orbital velocity
even a slight timing difference can lead to a large error in relative position. It is therefore
a minimum requirement of kinematic positioning to simultaneously track four common
GNSS satellites. More GNSS satellites well distributed in the sky provide more accurate
positioning.
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The right hand plot in Figure 5 depicts an example of the GPS only visibility from a
highly elliptical Proba-3 type orbit over one period. The minimum kinematic positioning
conditions are only met during the perigee passage at the beginning and end of the plot.
However, knowledge of the orbital dynamics can also be used to supplement the GNSS
measurements, so that even a single common GNSS satellite can be used to provide
information about the relative clock offset. The timing accuracy in this case is only as
good as the knowledge of the orbital position, where 1 ns = 30 cm. Additional
measurements provide an update to the relative position estimate.
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Figure 5: Benefit of positioning with multiple MEO GNSS constellations
The left hand plot in Figure 5 depicts the advantage of using three GNSS systems
simultaneously. In this case an additional unknown is added for each new GNSS
system, to account for inter-system timing biases caused by both signal-dependent
receiver hardware delays and the different realizations of UTC that each system is
referenced to. In spite of the additional unknowns, there is a clear advantage in terms of
the number of tracked satellites using multiple GNSS systems. Take for example the
spike in visibility 11 hours past perigee, when two GLONASS and three Galileo
satellites are visible in addition to the one GPS satellite, briefly providing the necessary
six measurements for resolution of the relative time, two inter-system biases, and three
relative positioning coordinates.
These visibility results are highly dependent on the input assumptions about the
formation flying orbit, antenna pointing profile, and alignment of the orbital planes. Tests
with the sun-pointing profile around critical dates revealed that no satellites from any
GNSS system are visible for several hours at apogee. Tests using different right
ascension of the ascending node values for the FF orbit revealed a strong dependence
on the alignment of the apogee with the GNSS orbital planes, which evolves over time.
The effect is slightly more pronounces for Galileo and GLONASS’s three orbital planes,
as opposed to GPS’s six. A test using a Molniya user orbit showed improved MEO
visibility, as more GNSS orbital planes are grazing the earth from the Molniya satellite
point of view and therefore more GNSS signals are strong enough to track.

3.2 Impact of New Signal Structures
The additional GNSS systems and modernized GNSS signals also offer advantages for
weak tracking. In particular, many of the new signals have data and pilot components,
which on one hand make for a higher combined signal strength, and on the other hand
allow for improved weak tracking on the pilot signal because there are no unknown data
bit transitions to interrupt tracking. Figure 6 shows the visibility of the Galileo E1
data/pilot signal based on tracking thresholds of 28 dB Hz for normal tracking vs. 20 dB
Hz for a tracking algorithm taking advantage of the data/pilot signal structure. The
tracking thresholds are based on [38].
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Figure 6: Impact of a 20 dB-Hz vs. 28 dB-Hz tracking threshold on visibility
The decreased tracking threshold has clear advantages, in particular for maintaining
lock on side lobes of the GNSS signals when leaving or approaching perigee. At higher
altitudes, the tracking arcs are extended by 5-10 minutes, bridging gaps and providing
some overlap in tracked satellites for example in the period from 4 to 8 hours past
perigee.
Other simulation parameters can be modified to achieve similar results. Lowering the
acquisition threshold extends the tracking arcs as well, by allowing signal to be acquired
earlier. Changing the assumed transmit pattern for the GNSS satellites can likewise
increase or decrease the chances of acquiring side lobes and maintaining lock, as can
raising or lowering the assumed EIRP or the receiver noise temperature. The sensitivity
of the results to the input assumptions highlights the limited reliability of any study of this
type, but also clearly demonstrates that investing in weak tracking is worthwhile as a
means of mitigating the impact of unknown GNSS visibility.
3.3 Regional Systems
Neither QZSS nor the SBAS systems appear to have been considered for HEO
positioning in previous studies, and until recently the BeiDou system suffered from a
severe lack of publicly available information which made any sort of visibility
assessment difficult. There are however several reasons these satellites are worth
investigating.

First, they stand to provide a substantial improvement in geometry for a HEO satellite
approaching or leaving perigee, when the GNSS satellites in MEO are only visible near
the earth’s limb but the SBAS/QZSS/BeiDou GEO/IGSO satellites are potentially still
visible overhead. Second, they are characterized by a potentially higher transmit power
focused into a narrower beam to compensate for their higher orbits, which is an
advantage for tracking over the earth’s limb but may also add to the “near-far” jamming
problem. These factors are illustrated in Figure 7, which compares the visibility regions
for the GPS, WAAS and GAGAN antenna patterns. The SDCM antennas additionally
point 7 degrees northward for better coverage of the Russian territory, which also
increases the amount of spill-over beyond the earth. Finally, the QZSS and SBAS
satellites enjoy excellent compatibility with GPS in terms of the signal structures, which
are identical for QZSS and nearly identical with a higher data rate for SBAS.
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Figure 7: Comparison of the GPS, WAAS and GAGAN visibility regions
The potential disadvantages are that the intersystem biases are not well documented
and may be substantial for a user so far outside the intended SBAS coverage regions.
SBAS use a “bent pipe” approach rather than onboard atomic clocks, in which the
signals are constantly monitored from the ground and adjusted to maintain accurate
timing compared to GPS for a ground user in a specified coverage area [26]. Also,
neither EGNOS nor SDCM is currently transmitting sufficiently accurate orbit data for
navigation, and in general the SBAS orbits and clocks may be substantially less
accurate than GPS. Finally, input parameters used in the link budget calculations for
these systems are particularly poorly known, so the results are only a rough first
approximation of what might be possible.
Nevertheless, as depicted in Figure 8 the results are quite optimistic. Nearly constant
single satellite coverage of the Proba-3 orbit is achieved despite only one QZSS and 12
SBAS satellites being simulated, as compared to a 27 MEO satellite constellation.
Occasional tracking of multiple satellites occurs, and the tracking arcs are longer than
for the MEO satellites with less frequent loss of lock and acquisition. Because the SBAS

satellites are typically in geostationary orbits along the equator, the coverage is
particularly good for the Proba-3 orbit but would be quite limited for a polar orbit.
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Figure 8: Combined SBAS and QZSS visibility
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Even more interesting results are obtained for the regional BeiDou system, shown in
Figure 9. Predictably, the visibility results vary dramatically depending on the alignment
of the HEO and GNSS constellations. When the HEO apogee is opposite China (left)
the visibility very nicely complements the MEO systems, with the best conditions
occurring at or near apogee. On the contrary, when the apogee is over China (right)
BeiDou contributes very little, with only brief tracking of the MEO satellites at apogee.
While the time of day dependence reduces the usefulness of BeiDou for a 20 hour orbit,
a properly aligned HEO mission with a 24 hour orbital period or a mission in
geosynchronous orbit could experience a substantial benefit.
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Figure 9: Visibility of the BeiDou regional system from HEO. Left: apogee
opposite China, right: apogee over China
4. Conclusions
The combined visibility of the GNSS and SBAS systems is shown in Figure 10, which
highlights that there is beyond doubt some benefit to be gained from using multiple
GNSS constellations for relative positioning outside the GNSS service volumes.
However, the GNSS signals present outside of the GNSS constellations are at the

threshold of detectability for a typical receiver, with the result that small changes in input
conditions can have a fairly drastic impact on simulation results.
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Figure 10: Combined visibility for GPS, Galileo, GLONASS, QZSS, BeiDou, WAAS,
EGNOS, GAGAN, SDCM and MSAS on the Proba-3 orbit
It can be concluded that the availability of signals from any of the GNSS systems is
highly dependent on mission parameters such as the alignment of the GNSS systems
with the HEO orbital plane, the receiver antenna orientation, and the HEO orbital period
with respect to the GNSS orbital periods. Other factors such as acquisition speed, the
minimum required signal power for acquisition and the minimum required signal power
for tracking are equally influential, and are dependent on the receiver design. Further,
the visibility is strongly affected by factors such as the alignment of the GNSS systems
with respect to each other, which evolves over time and will depend on the epoch of
a future HEO formation flying mission, or the transmission gain patterns of the GNSS
satellites, which have not been published on a sufficient level of detail for truly accurate
results.
Because a small change in the mission design can potentially result in a drastic change
in the availability of GNSS measurements, and because the unknown environmental
factors have such a strong influence but cannot at present be accurately
modeled, adapting the receiver design for weak signal tracking and optimal
performance at HEO dynamics is also worth the investment.
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