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Abstract With the development of the Global Navigation
Satellite System, the increased number of satellites has
resulted in more fault hypothesis situations and subset
solutions. This situation represents a new challenge for
advanced receiver autonomous integrity —monitoring
(ARAIM) in terms of the computational load. To efficiently
detect faults and reduce the computational load, a method
based on the association between satellite features in the
same orbital plane is proposed. This approach first tests
subsets that exclude entire constellations to narrow the
search range for faults. Next, we evaluate multiple-fault
cases directly by utilizing the subsets that exclude entire
orbit satellites. Compared with the baseline Multiple
Hypothesis Solution Separation (MHSS) method, our
method can clearly reduce the number of subsets and the
computational time under a typical multi-constellation
situation while satisfying the localizer precision vertical
200 performance requirement, i.e., the guidance supports
approach operations down to 200-foot altitudes. Further-
more, the experimental results illustrate that the number of
subsets is reduced at most by two orders of magnitude,
from 1330 to 87, and the computational time is decreased
by 66.6%. The effective monitoring threshold and the fault-
free 10~ error bound on the accuracy of our method are
much closer to those of the baseline MHSS method, and the
usability coverage of both methods reaches 100%. This
study verifies that the monitoring subsets and the
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calculation time for ARAIM are dramatically reduced by
the new method.

Keywords ARAIM - Fault detection - Monitoring subset -
Orbit satellite

Introduction

Integrity monitoring is a key link in safety of life appli-
cations used to ensure Global Navigation Satellite System
(GNSS) spatial signal quality. Advanced receiver autono-
mous integrity monitoring (ARAIM), as a typical airborne
integrity monitoring technology (GEAS 2008, 2010), can
effectively monitor navigation performance through
redundant satellite measurements, rapidly detect and
exclude satellite faults, and alarm the user in time (Wang
and Ober 2009). With the development of the Global
Positioning System (GPS), GLONASS (the Russian
GNSS), BeiDou Navigation Satellite System (BDS) and
Galileo, the number of visible satellites is bound to
increase, thereby improving the positioning accuracy and
service reliability. Moreover, higher numbers of constel-
lations and satellites also correspond to a greater number of
GNSS potential failure modes. The Multiple Hypothesis
Solution Separation (MHSS) algorithm (Blanch et al. 2012;
Working Group C 2012) is the basis of the ARAIM user
algorithm. This baseline MHSS method, which is used
widely, detects the failure modes by comparing the all-in-
view position solution and the subset solutions with the
assumed-to-be faulty satellite removed. For multiple con-
stellations, many more subsets must be evaluated by the
ARAIM receiver, thus greatly increasing the computational
load. Therefore, it is necessary to reduce the monitoring
subsets for future applications.
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To date, the only method developed to address this
problem is the Constellation Out (ConOut) method pre-
sented by Walter et al. (2014). In this approach, subsets
that remove whole constellations are ingeniously used to
evaluate multiple-fault cases, which effectively reduces the
total number of subsets. However, removal of whole con-
stellations will lead to a rapidly weakening geometry,
which may not be conducive to system operation, partic-
ularly if one of the constellations is weak.

The trajectory of a satellite in space is called an orbit,
and the parameters describing the orbital position and state
of the satellite are referred to as the orbital parameters.
When we use a GNSS for navigation and surveying pur-
poses, the satellite orbit error will directly affect the
accuracy of the user receiver position solution. In practice,
a satellite will be impacted by some perturbation forces.
These forces cause the satellite motion to deviate from the
ideal trajectory predicted by Kepler’s law for a “two-body
problem.” Under the influence of such perturbation forces,
only satellites in the same orbital plane have similar orbital
parameter changes. Therefore, when predicting the satellite
ephemeris at the observation epoch based on the broadcast
ephemeris, the orbital parameters of the orbiting satellites
are highly correlated, including bias (Liu 2008, p. 82).

Combining the ARAIM baseline MHSS method and the
ConOut method, we propose an Orbit Selection (OrbSel)
method that can effectively reduce the subsets according to
the kinematic properties satellites in the same orbital plane.
To evaluate and eliminate potential multiple faults existing
in orbital satellites, we divide subsets according to different
satellite orbit planes. This approach is also beneficial for
rapid fault detection. The OrbSel method preserves
geometry better than does directly removing the entire
constellation. Finally, we compare the number of subsets
and the computational expense of the three methods.
Simulation results regarding the availability of ARAIM are
also provided.

ARAIM framework

ARAIM allows a ground system to provide updates
regarding the nominal performance and fault rates of the
multiplicity of contributing constellations. This integrity
data is contained in the Integrity Support Message (ISM),
which is developed on the ground and provided to the
airborne fleet. The key input of the ARAIM user algorithm
is shown in Table 1.

ARAIM allows for the possibility that some of the
ranging measurements that are made to the satellites may
be incorrectly described by the parameters oyra;,GCURE,i
and byom ;. If a satellite is in a state in which these are not
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accurate descriptions of the expected pseudorange errors,
the satellite is considered faulty. The receiver determines
which fault modes need to be monitored from Pg,; and
Peonst; of the ISM. Each fault mode corresponds to a subset
that removes some of the satellites presumed to be faulty.

ARAIM ensures integrity by comparing the position
solution estimated with all satellites in view to estimates
from subsets. If each of the solution separations between
the all-in-view and the fault tolerant position solution is
within a predefined threshold, then the receiver computes
the following:

e Protection levels (PLs)
e Effective monitor threshold (EMT)
e Standard deviation of the accuracy (o)

The sum of the threshold and the subset covariance error
bound is sufficient, and the all—in-view position error will
be bounded by the PLs. The EMT ensures that the internal
threshold is sufficiently tight. 0, presents 99.99999%
fault-free accuracy. All calculation formulas can be found
in Blanch et al. (2012).

If the solution separations exceed the threshold, the
protection levels are set to infinity. Then, exclusion is
attempted, and the above steps are continuously performed
using the remaining satellites. Exclusion is beyond the
scope of our discussion.

Ephemeris errors of satellites in the same orbital
plane

Navigation threats are considered all possible events that
can cause the computed navigation solution to deviate from
the true position. The set of possible events can be sepa-
rated into the following three categories: Narrow, Wide,
and Ultra-Wide. Narrow faults are ones that affect a single
satellite only. Wide faults are ones that can affect more
than one satellite within a constellation at a given time.
These are also called constellation faults. Ultra-Wide faults
are those that can affect multiple satellites across more than
one constellation, e.g., the Earth Orientation Prediction
Parameters (EOPPs) error (Langel et al. 2013). However,
there are many processes in place that greatly reduce the
likelihood of ultra-wide faults affecting all constellations in
a similar manner simultaneously (van Dyke et al. 2004).
Hence, we do not further consider ultra-wide faults.

An ephemeris error, as the main source of error for
satellite navigation positioning, may lead to narrow faults
and wide faults. The satellite ephemeris, translated from
satellite navigation messages, is called the satellite broad-
cast ephemeris. It is “extrapolated” from the broadcast
data. The ephemeris error is mainly due to the complexity
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Table 1 List of input

Name Description Source
PR; Pseudorange for satellite i after dual frequency correction tropospheric correction and smoothing are performed Receiver
OURA,i Standard deviation of the clock and ephemeris error of satellite i used for integrity ISM
OURE,i Standard deviation of the clock and ephemeris error of satellite i used for continuity ISM
bnom,i Maximum nominal bias of satellite i/ used for integrity ISM
Py Prior probability of satellite i fault ISM
Peonst,j Prior probability of constellation j fault ISM

and instability of satellite orbit perturbations, which can
lead to wide faults associated with the satellite orbital
planes (Liu 2008, p. 82). In the geocentric reference sys-
tem, the motion equation of a satellite traveling around the
earth can be written as

i=Fy+F, (1)

where F| is the earth-center gravitational and F, represents
perturbation forces including earth’s non-spherical gravity,
third-body gravity, and solar radiation pressure (Kaula
1966, p. 124).

Heterogeneous constellation

A heterogeneous constellation consists of satellites of dif-
ferent orbital types. The Chinese BDS is a typical hetero-
geneous constellation. After completion, the BDS will
comprise 35 satellites, of which five Geostationary Orbit
(GEO) satellites will be in one orbit, three Inclined
Geosynchronous Satellite Orbit (IGSO) satellites will be
distributed in three different orbits, and 27 Medium Earth
Orbit (MEO) satellites will be distributed in three orbits,
with nine satellites in each orbit. The perturbed motions of
the three kinds of orbiting satellites have different char-
acteristics. Regarding GEO satellites, the orbit inclination
is close to 0° and the altitude is approximately 35,800 km.
They are maneuvered more frequently, with an ephemeris
fault probability slightly higher than that of other satellites
(Cui et al. 2012). IGSO satellites have a regressive orbit of
a sidereal day that is affected by the tesseral harmonic
terms of earth’s gravity, which can produce long-term drift
(Fan et al. 2016). Regarding MEO satellites, please refer to
the isomorphic constellation section below.

Isomorphic constellation

An isomorphic constellation consists of satellites of the
same orbital type satellites. GPS, Galileo, and GLONASS
are all isomorphic constellations consisting of MEO
satellites distributed over 6, 3, and 3 orbit planes,

respectively. The influence of the perturbation forces on the
orbit stability of MEO satellites is mainly as follows (Rippl
2013):

e No long-term effect on the semi-major axis a, eccen-
tricity e and inclination i

e Long-term perturbation of the Right Ascension of
Ascending Node (RAAN) Q, argument of perigee ®
and mean anomaly M

Therefore, damage to the stability of a constellation is
mainly manifested in (Q, w, M), and the structural stability
of the circular orbit satellite constellation can be described
by the drift of (Q, w, M).

In the MEO constellation, the deviation of the actual
state (Q;, u;) and the nominal state (£ norm, ¥jnorm) for the
jth satellite is
Ay = [Q, - Q,ﬁno,m] _ [AQ,-] 2

Uj — Ujnorm Au;

where u = w + M is the phase angle of satellite j on the
orbital plane. The common drift of the RAAN and phase
angles of the constellation satellite is defined as

AQ — N AQ;
=X
j=1
o )
T LTy

J=1

where N is the total number of satellites in the constella-
tion. The deviation subtracts the common drift amount to
obtain the relative drift ij’ of satellite j

,[AQ] [AQ - AQ
Mf{Auj}{AujAu] @

The relative drift of the satellite can be used to describe
the change of the spatial configuration state of the MEO
constellation (Qian et al. 2014).

Figure 1 shows the relative drifts of Q and u for a 24/3/1
Walker constellation with the perturbation effect (Starr
et al. 2004). 24 is the total number of satellites, 3 is the
number of orbital planes, and 1 is the value of the phase
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factor (Walker 1984). The inclination is 55°, the orbital
height is 21,500 km, and the initial values RAAN of the
three orbital planes are 0°, 120°, and 240°.

Under the action of the main perturbation forces, the
relative drift of the RAAN of the same orbital plane is
basically the same, and the relative change in the RAAN of
different orbiting satellites corresponds to a linear increase
with time. The relative drift of the same orbital satellite
phase is basically the same; the phase angle of different
orbiting satellites is different from the drift amount, with
the maximum drift being 15°.

Even if the Constellation Service Providers (CSP) con-
trol the perturbation compensation for their own constel-
lations, the long-term effect of perturbation forces is still
the main source of ephemeris errors, leading to wide faults
within constellations (Shah et al. 1998). The fault
hypothesis that all orbital plane satellites are affected is
feasible.

ARAIM fault modes determination

ARAIM, a technique used for rapid navigation satellite
fault monitoring to ensure flight safety, solves two main
problems: (1) determining whether a failure occurs among
satellites/constellations and (2) determining in which
satellites/constellations the fault exists. The former prob-
lem is often referred to as fault detection (FD), and the
latter problem is fault exclusion (FE). In the ARAIM
baseline MHSS method, the approach of ARAIM FD
involves the following tasks: fault assumption, subset
position solution calculation and solution separation
threshold tests (Blanch et al. 2012). The fault assumption,
which includes determination of the fault that must be
monitored (corresponding to the number of subsets), is a
key part of the ARAIM FD and can impact the perfor-
mance of the entire algorithm (GEAS 2008). Many
hypotheses provide full consideration but require much
computation and time consumption. In the future, the
ARAIM algorithm must be able to determine how to
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achieve maximum performance benefits based on the fault
modes assumptions and time consumption.

Failure modes and monitoring subsets

The airborne ARAIM algorithm can only protect the user
against a limited number of worst-case simultaneous
satellite faults. If the prior probability of a fault is greater
than or equal to 4 x 10_8, it cannot be ignored and must be
monitored by the receiver (Blanch et al. 2012).

The prior probability of a fault mode is calculated as
follow, assuming that the probabilities of satellite faults are
the same,

PaPJts = CXIS (Psal,i)ns(l - Psatﬁi)N_ns (5)
N ne M—n,
Pap,nC = C}& (Pconst.j) (1 - Pconst.j) (6)

where ng/n. represents the number of satellites/constella-
tions that are simultaneously faulty, and it is assumed that
the user is tracking N satellites belonging to M constella-
tions. Cj is a combination formula that indicates the total
number of combinations of a elements taken from b dif-

ferent elements; the calculating method is ﬁla),

Then, the maximum number of monitored simultaneous
faults can be determined. Ny, represents the number of
satellites, and Ny denotes the number of constellations,

N = max{n|1 = (Pupo + Pap + + Pap) <4 x 1075} (7)

Neonst = max{nc|l — (Papo + Papt + -+ + Popn. ) <4 x 1078}
(8)

where Pg,; and Pcongj are input parameters acquired from
the Integrity Support Message (ISM) obtained by the
receiver; 4 x 107% is a constant used in ARAIM as a
threshold for the integrity risk resulting from unmonitored
faults (Kropp et al. 2014). To illustrate, assume that the
user is tracking three constellations and that Py is 107%,
Then, we have

[1 = (Papo + Pap.1)]= 299 x 10¥ <4 x 10°° (9)
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Therefore, the maximum number of simultaneous con-
stellations N.ops 1S one. The calculation of Ny, is the same.

According to the derived Ny and Ncons, We can make
assumptions regarding the failure modes. Each fault
hypothesis corresponds to a monitoring subset. Thus, if the
kth satellite is assumed to be faulty, then a corresponding
subset that excludes satellite k will be formed (Blanch et al.
2012).

Figure 2 shows the baseline MHSS method fault tree. In
this approach, all possible fault conditions must be con-
sidered. All single fault assumptions (including satellite
faults and constellation faults) and multi-faults assump-
tions will be made in order by means of ergodic, until the
upper simultaneous faults limit Ngy/Neons. Next, the fault
monitoring subsets will be established corresponding to the
hypothesis with satellites or constellations excluded. In
most cases, the probability of occurrence of three and more
simultaneous failure events is always less than 10~ and
can be neglected (Walter et al. 2014). Suppose that the
number of constellations tracked by the user receiver is 4,
the number of visible satellites is 48 and the maximum
number of monitored simultaneous faults is 2 (Ng/
Neonst = 2); then, a total of (Cly + Cl) + (Ci+ClCi+
C?) = 1330 subsets must be created by the baseline MHSS
method. Although subset-filtering measures are contained
in the baseline MHSS method, the number of subsets is still
greater than 1000.

Subset position solution and threshold test
of solution separation

In this part, the subset solutions ), the corresponding
standard deviations, bias and the standard deviations of

solution separation agﬁ) for more than 1000 subsets will be

Fault-free P>0.999

First Order Faults

1
Constellation
Fault

Second Order Faults
1 Satellite 2
Fault & 1
Constellation
Fault

Higher Order Faults Evaluated
but Hopefully Neglected

1 Satellite
Fault

2 Satellite

Faults Constellation

Faults

Fig. 2 Baseline MHSS method fault tree

calculated, i.e., more than four operations on each subset
will be performed. With the increase in the number of
subsets, more operations and computational time will be
needed. Subsequently, the subset position solution and all-
in-view solution £(¥ are compared to determine whether
exclusion must be attempted. This step is the threshold test,
also known as a consistency check, in which items with
large differences with respect to £(*) are checked.
7k _ 3(0)

= <1 10
T T < (10)

UYES Kfa‘qags)qz (11)
P
Kio =0~ () (12)

2N, fault_modes

where Npuit_modes 1S the number of subsets, Pga is the
continuity budget allocated to the ¢ direction component,
and Q~!(p) is the (1 — p) quantile of the standard Gaus-
sian distribution. If the test statistic 7; in (11) is greater
than one, then the test fails and exclusion must be
attempted (Working Group C 2016).

Currently, there exist four normal operation navigation
constellations. If there appear new navigation constella-
tions in the future, then the number of satellites will
increase dramatically. In this case, the system will possess
high positioning accuracy but significantly increase the
ARAIM computational time, which is not beneficial for
forecasting and obtaining real-time solutions.

ConOut method to select subsets

Walter et al. (2014) described a method that directly
removes an entire constellation as a subset to evaluate other
possible failure modes within the constellation. This
approach can greatly reduce the number of subsets. The
number of subsets obtained by this method is determined
according to the concrete values of Pg,; and Peoygtj. In the
following discussion, Pcong is restricted such that it ranges
between 107> and 107>, while Py, between 10~* and
107°.

When the receiver uses double constellations, the situ-
ation in which both constellations are faulted simultane-
ously cannot be avoided. In addition, it is not possible to
use the two-constellation-out cases to evaluate the two-
satellite-fault cases. These cases must be evaluated directly
or as part of a one-constellation-out and one-satellite-out
subset. However, this method can cause some of the most
valuable satellites to be removed, which will result in poor
geometry and lead to lower availability. When
Peonstj = 1073, the two constellations cannot safely func-
tion; when Pegpg; 18 small and Pgy; = 10~%, all first-order
modes should be evaluated individually. When P, ; is even
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smaller, it is possible to evaluate only the two one-con-
stellation-out subsets.

For the three-constellation situation, it is possible to
evaluate the two-constellation-out subsets, but only one
constellation may have a poor geometry. However, only
one constellation may not always have good geometry,
particularly if one of the constellations is weak. For
Peonstj = 1073, we need to evaluate only the three one-
constellation-out and three two-constellations-out subsets.
For Peonstj = 10_4, three two-constellations-out and 2N
one-constellation-out and one-satellite-out subsets are rec-
ommended. If Pg; and Pcong,; are sufficiently small,
evaluating only three one-constellation-out subsets
becomes possible.

When the receiver uses four constellations, the geo-
metric relationship is strong. The four one-constellation-
out and six two-constellation-out subsets are recommended
in most of the cases. The main challenge of the ConOut
method is to preserve the geometric integrity when an
entire constellation is removed. Recall that FE is beyond
the scope of this work; for example, in the two-constella-
tion case, two one-constellation-out subsets can detect the
presence of a fault but not exclude it.

Reducing monitoring subsets based
on the selection of orbit satellites

Because co-orbital satellites have related kinematic prop-
erties and the number of orbits will increase slowly in the
future, the monitoring subsets can be determined by
selecting an orbital plane and removing its satellites.

We present the OrbSel method on the basis of 2-order
fault tree. Fault assumptions are made in turn for each of
the orders. To express the method more clearly, Fig. 3
shows the fault tree, where “Constellation Fault” mode
indicates that one or more satellite faults occur within a

Fault-free P>0.999
First Order Faults
1 2 3 Additional
Constellation Constellation Constellation
Fault Faults Faults
Second Order Faults
. . 3 Additional
1 Orbit Fault 2 Orbit Faults Orbit Faults

Fig. 3 OrbSel method fault tree
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given constellation at the same time and “Orbit Fault”
mode indicates that one or more satellite faults occur in a
given orbit at the same time.

Subsets for the constellation order

The first order is the constellation order. First, determine
the maximum number of simultaneous constellation faults
Neonst using (9). Next, the fault modes and the subsets
evaluated by constellation order are determined. Note that
the prior probability of constellation fault should be cal-
culated by (Walter et al. 2014)
N;
PconstJ = Pconst,/' + ZPsal‘i (13)
i=1
Clearly, if Neonse = 3, the receiver should track at least
four constellations. In this case, three synchronous con-
stellations faults are assumed; the faults are distributed in
no more than three constellations. Thus, we obtain four
one-constellation-out, six two-constellation-out, and four
three-constellation-out subsets.
In this part, the subset position solution x¥) and the

standard deviation of the solution separation agf) for the
above subsets are computed. In addition, %) is compared
to the all-in-view solution £(©) for the threshold test. The
traditional calculation formulas are (11), (12) and (13). We
make an optimal allocation of the continuity risk in (12)
based on the number of satellites in each subset rather than

the average distribution. The updated formula is

ph _ p Tk
FA FA na

=1,2... (14)
where n; is the number of visible satellites contained in the
subset k, n is the number of visible satellites and Pg4 is the
continuity budget allocated to the specific directional
component. The subset of constellation order that does not
pass the threshold test or has the largest test statistic will be
selected, indicating that the satellites corresponding to the
fault mode are faulty or very likely to be faulty. To facil-
itate rapid fault detection and elimination, we determine
the fault modes and subsets in orbit order of the constel-
lation(s) that are assumed to be faulty of the selected
subset. The fault mode hypothesis corresponding to the
other constellation order subsets is unlikely to make more
fault assumptions. Therefore, they all can be used in
position.

Subsets for orbit order
Because only BDS consists of MEO, IGSO, and GEO

hybrid orbit satellites, the other navigation constellations
are composed of MEO satellites, there are slight
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differences in subset selection for areas covered by IGSO
and GEO satellites of BDS.

Similar to the constellation order, the maximum number
of simultaneous satellites faults N, is initially determined
as specified in (8). If Ny = 1, Nogi, 1.€., the number of
orbits of the selected constellation(s) in the previous step,
can be determined. Each orbit subset is used to evaluate all
single satellite fault modes in the orbit. If Ny = 2, there
may be at most two satellite faults at the same time; thus,
we can obtain szv.,.m two orbit-outs subsets. Regardless of
whether the two fault satellites are co-orbiting satellites or
different orbiting ones, our subset can evaluate all possible
two faults modes between orbits directly. The steps are
similar when Ny, equals to or greater than three, but the
probability of this situation is so small that it can be
ignored.

Because the orbit subset corresponds to one or more
satellite faults in the removed orbit, the prior probability of
removing the satellites of an entire orbit can be written as

Nin
Porbil‘m = ZPsat,[ (15)
i=1

where n,, represents the satellites in the orbit used by the
receiver for positioning. At this point, all subsets of the
OrbSel method are created. Next, expressions (7), (8) and
(9) are calculated. The continuity risk in (6) can be derived
by multiplying (8) by a coefficient as follows:

pln — pl) D pe TR 120 (16)
ny n

where ny,, is the number of visible satellites in the excluded
orbit m.

For the areas observed by the IGSO and GEO satellites
of BDS, we can simultaneously remove five GEO satellites
of the same orbit in one subset to evaluate the faults
directly. The three IGSO satellites with different orbits can
be removed simultaneously because satellites with such
orbits can be considered as a class. Therefore, one three-
IGSO-out subset can be effectively utilized, but not several
different IGSO subsets. Such subsets can fully verify the
validity of the single/multiple-fault assumptions for GEO
and IGSO.

Table 2 lists the worldwide statistical results regarding
subsets for the baseline MHSS, ConOut and OrbSel methods
in different situations. For statistical generality, we set
Py = 107>, Peons; = 107* (Working Group C 2016).

As shown in Table 2, both the ConOut and OrbSel
methods reduce the number of monitoring subsets to some
extent. In the case of multiple constellations, the effec-
tiveness of the ConOut method is more obvious. Never-
theless, the performance depends on the follow-up
simulation results.

ARAIM availability prediction

ARAIM fault detection and exclusion mainly depend on
the satellite geometry and the input conditions. To ensure
the performance requirements of fault detection and
exclusion, the prediction of the availability of ARAIM has
become an important topic (Zhi et al. 2016).

At a certain space—time point, an available system
means it can meet the alarm threshold, integrity and
availability requirements. In contrast, a system is unavail-
able once one or several indicators cannot be met (Wang
et al. 2014). Today’s popular ARAIM availability predic-
tion algorithms mainly compare computational protection
levels (PLs) with alert limits (ALs) to predict ARAIM
availability, with the integrity and availability requirements
as known values (Working Group C 2012).

ARAIM operational objectives tend to focus on the
Localizer Precision Vertical (LPV) goal, especially LPV-
200, which indicates that this guidance should support
approach operations down to 200-foot altitudes (Working
Group C 2015). The LPV-200 performance standard for
ARAIM availability prediction can be summarized as
follows:

HPL <40 m
VPL <35 m
Opec < 1.87 m
EMT < 15 m

where H/VPL denotes the Horizontal/Vertical Protection
Level and the limit on the position error is 99.99999%; 7 ..
is the standard deviation of the position solution under the
10~7 fault-free positional error bound. The effective
monitoring threshold (EMT) test prevents faults that are
not sufficiently large to be detected from creating vertical
position errors greater than 15 m more than 0.00001% of
the time (Lee and McLaughlin 2007). ARAIM is consid-
ered to be available in the corresponding environment and
LPV-200 operation, while the above index criteria calcu-
lated by the ARAIM prediction algorithm are satisfied.

In the previous sections, the numbers of subsets of the
three methods for determining ARAIM monitoring subsets
were compared. The numbers of subsets for both the
ConOut and OrbSel methods are two orders of magnitude
less than the number of subsets for the baseline MHSS
method (10 and 78 vs. 1330). Next, to further validate the
availability of ARAIM after using three methods, the
availability prediction will be performed.

Table 3 lists the simulation configuration. The nominal
24 satellites GPS constellation, the nominal 24 satellites
GLONASS constellation, the global 30 Galileo satellites
constellation, and the global 35 BDS satellites constellation
will be used separately for various simulation situations.
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Table 2 Comparison of subsets for three methods

Pei = 1072, Baseline ConOut OrbSel
Peonstj = 1074 method method method
Two constellation
16 SVs 19 2 7
24 SVs 26 2 9
Three constellation
24 SVs 379 51 49
36 SVs 781 75 75
Four constellation
32 SVs 631 10 55
48 SVs 1330 10 87
Table 3 Simulation configuration
Simulation tools MAAST
OURE,i 0.5 m
OURA.i I m
bom,i 0.75 m
P 107°
P const,i 1074
Latitude and longitude interval 10°
Almanac format Yuma almanac
GPS Nominal 24
GLONASS Nominal 24
Galileo Global 30
BDS Global 35
Area/user points Global/648
Time duration 24 h
Time step 1h

The simulation software was developed based on the
open source MATLAB Availability Analysis Simulation
Tools (MAAST) provided by Stanford University (Jan
et al. 2001). A total of 638 user points with 10 x 10 lati-
tude and longitude degree grids exist on the word map. The
error model is adopted from GEAS (2008).

Two-constellation situations

Two-constellation situations using nominal 24 GPS satel-
lites constellation and global 30 Galileo satellites constel-
lation are considered as representative examples to obtain
the results.

A comparison of the VPLs and EMTs obtained via the
baseline MHSS and the OrbSel methods is shown in Fig. 4.
The data for baseline MHSS and OrbSel are plotted on the
x-axis and y-axis, respectively. The red points correspond
to EMTs, and the blue ones represent VPLs. In the figure,
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Fig. 4 VPLs and EMTs for the baseline MHSS and the OrSlect
method

both the VPLs and EMTs are close to a line with a slope of
45°. The OrbSel EMT is slightly less than the baseline
MHSS EMT, since a smaller number of evaluating subsets
decreases the threshold of the solution separation test.
Moreover, the difference would be more obvious with
increased subset disparity (Walter et al. 2014).

As shown in Fig. 5, VPLs are obtained using the base-
line MHSS method and the ConOut method (Walter et al.
2014). The ConOut method evaluates only two one-con-
stellation-out modes (vertical axis), whereas the baseline
MHSS case evaluates all first-order modes (horizontal
axis). Although the results are essentially identical, the
reduced subset approach produces slightly lower VPLs.
The effect of reducing the thresholds is dominant in this
example.

Figure 6 shows the four quality factor distributions and
the simulation points for the baseline MHSS and the
OrbSel methods (648 x 24 data points in each figure).
Blue points represent the baseline MHSS method, and red
points correspond to the OrbSel method. A large number of
data points results in an overlap region. It still can be seen
that the difference between VPLs, HPLs, and o,..s derived
by two methods is not great. Moreover, the g, results are
completely consistent. Generally, the OrbSel EMT is
slightly smaller.

Figure 7 shows the global 99% availability coverage
under the baseline MHSS and OrbSel methods. 99%
availability means that ARAIM is available 99% of the
time at the user grid point. The top and bottom panels
present the results of the baseline MHSS method and the
OrbSel method, respectively. For two constellations, the
99% availability coverage of both methods is not fully
100%, but the coverage results are essentially identical.
Furthermore, the coverage of OrbSel method is slightly
higher, which is related to the EMT results above.
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Fig. 5 VPLs for the baseline MHSS and the ConOut method

According to the ARAIM availability, both the OrbSel
and ConOut methods can replace the baseline MHSS
method without producing a worse effect.

Three-constellation situations

To obtain the simulation results of three-constellation sit-
uations, the nominal 24 GPS satellite constellation, the
global 30 Galileo satellite constellation and the global 35
BDS satellite constellation are utilized as a representative
example.

Fig. 6 Data distributions with 50 - VPL-new

The VPLs and EMTs obtained using the baseline MHSS
and the OrbSel methods are shown in Fig. 8, where two
sets of data points are basically gathered in the vicinity of
the line with a slope of 45°. The distribution of the points
above the line indicates that the results of the OrbSel
method are greater than those of the baseline MHSS
method, and vice versa. In addition, all EMTSs remain less
than 8 m, and all the VPLs remain less than 21 m.

Figure 9 shows the VPLs for the ConOut and baseline
MHSS methods. The ConOut method is employed in two
situations: (1) the red points correspond to using the one-
and two-constellation-out subsets only; (2) the blue dots
correspond to evaluating the three one-constellation-out
and 2N one-constellation-out and one-satellite-out subsets,
the VPL of which is nearly identical to that of the baseline
MHSS case. Clearly, many false cases occur when a weak
subset is used, and the VPL is significantly increased
in situation 1. For the ConOut method, it is necessary to
determine the number of subsets according to constellation
performance. Furthermore, removing the entire constella-
tion easily causes rapid deterioration of the geometry.

In the top-left, top-right and bottom-right panels of
Fig. 10, the simulation point data for the baseline MHSS
and the OrbSel methods are similar to that those in Fig. 6.
Overall, the EMT results of OrbSel are smaller, and the
difference is more significant than in the two- constellation
situation.

simulation points for the two
methods; blue points represent
the baseline MHSS method, and 40
red points correspond to the
OrbSel method
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Fig. 7 Global ARAIM availability as a function of user location
under LPV-200 performance; for the baseline MHSS (top panel) and
the ConOut method (bottom panel)

Although there are some differences in the results of the
data, the baseline MHSS and the OrbSel method both
provided 100% coverage of ARAIM availability. In three-
constellation situations, ARAIM has better performance
due to the increased number of satellites. The OrbSel
method can replace the baseline MHSS method without
any performance impact. The ConOut method performs
well only when the (3 4+ 2N) subsets case is selected for
evaluation.

Four-constellation situations

As for three-constellation situations, the nominal 24 GPS
satellite constellation, the nominal 24 GLONASS satellite
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Fig. 9 VPLs for the baseline MHSS and ConOut methods

constellation, the global 30 Galileo satellite constellation
and the global 35 BDS satellite constellation are utilized as
a representative example.

The VPLs and EMTs obtained using the baseline MHSS
and the OrbSel methods are shown in Fig. 11. Obviously,
the distribution of VPLs is similar to the situation of three
constellations. Most of EMTs are below the line with a
slope of 45° and only a small part is above the line,
indicating the much smaller EMT of the OrbSel method
than the baseline MHSS method. Considering the data in
Table 2, it can be inferred that the greater difference in the
number of subsets between the two approaches leads to a
more significant effect on the EMTs. However, the results
of two methods are both better than the previous situations.
Moreover, all the EMTSs remain less than 5 m, and VPLs
are less than 15 m.

In four-constellation situations, the comparison of the
ConOut and baseline MHSS methods is shown in Fig. 12,
with Peong; set to 1072 and Pg; to 107*. The ConOut
method is evaluated with two selections of subsets: using
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Fig. 10 Data distributions with 22‘ . VPL-new
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six two-constellation-out subsets only (red dots) and using
ten one- and two-constellation-out subsets (blue dots). The
VPLs of both selections are obviously greater than that of
the baseline MHSS method. Although the availability can
reach 100% coverage, part of the quality factor values
reaches the margin, which makes the ARAIM system dif-
ficult to operate once a constellation is weak.

Figure 13 shows distributions of four quality factors and
the simulation points for the baseline MHSS and OrbSel
methods. In four-constellation situations, the VPLs, HPLs,
and o0,.s of the two methods become increasingly similar,
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Fig. 11 VPLs and EMTs for the baseline MHSS and OrbSel methods
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even identical. As shown in the bottom-left panel of
Fig. 13, the OrbSel EMT is still less than the baseline
MHSS EMT. Moreover, the difference in the two data sets
in the bottom-left panel of Fig. 13 is the most significant
among the three simulation situations.

In four-constellation situations, the ARAIM availabili-
ties of three approaches all achieve 100% coverage. The
results of the OrbSel method are the closest to those of the
baseline MHSS method. Generally, the results of the
ConOut method are significantly greater than the baseline
MHSS most of the time; this difference has a great influ-
ence on the geometry.
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Fig. 12 VPLs for the baseline MHSS and ConOut methods
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Conclusions

Based on the baseline MHSS and ConOut methods, we
proposed a new optimal subset determination method
based on orbit satellites. In the proposed method, the fault
scope is narrowed by selecting the subsets of the constel-
lation order that do not pass the threshold test or have the
largest test statistic. Next, the subsets for the orbit order of
the corresponding constellation were derived. Finally, the
ARAIM monitoring subsets were calculated in three
manners. The results indicated that the number of subsets
for the OrbSel method is slightly greater than that of the
ConOut method and significantly less than that of the
baseline MHSS method. In the four constellations with
48 SVs, the number of subsets of the OrbSel method was
found to be reduced by two orders of magnitude compared
to that at baseline.

The simulation results of two-, three- and four-constel-
lation situations illustrated the following: for two constel-
lations, OrbSel and ConOut method have smaller VPLs and
slightly higher global availability coverage than the base-
line MHSS method; for three and four constellations, the
results of OrbSel method are very similar to that of the
baseline MHSS method. Although the global availability
coverage of the two methods is 100%, the data results of
the ConOut method are significantly greater than those of
the baseline MHSS method, and some are at the edge of the
Alarm Limit (AL), which is related to the rapidly
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Table 4 Average computational time for the baseline and OrbSel
methods

Simulation Baseline MHSS OrbSel method
situation method
Time/availability (%) Time/availability
(%)
Two constellation 2.5 $/96.98 3.5 s/97.43
Three constellation 17.5 s/100 6 s/100
Four constellation 28 s/100 8 s/100

weakening geometry of the entire constellation. The Con-
Out method was found to have relatively high performance
requirements regarding constellations. When a weak con-
stellation exists, the obtained prediction results will be less
ideal. In this case, the number of subsets must be increased
according to the analysis.

Table 4 presents the average computational time of the
baseline MHSS and the OrbSel methods for each simula-
tion interval in the process of ARAIM availability predic-
tion. The average computational time of the OrbSel method
is significantly less than that of the baseline MHSS method,
except for the two-constellation case, because of both the
fewer number of subsets and the more steps in orbit order
for the OrbSel method. For the OrbSel method, a higher
number of constellations involved in the positioning means
corresponds to more time savings, which is more con-
ducive to real-time solutions.
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Under the premise of availability, the OrbSel method
reduced the number of subsets greatly, simplified the
complexity of ARAIM algorithm, reduced the computa-
tional load, and guaranteed the geometry.
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