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This paper comprehensively investigates the fault exclusion problem in multi-constellation
Global Navigation Satellite Systems (GNSS). In future GNSS, the heightened likelihood of fault
detection events will cause more interruptions in the continuity of the navigation operation. The
main contribution of this paper is to establish the theoretical basis to quantify the contribu-
tions of fault events on continuity risk, therefore allowing us to assess the desired exclusion
function performance based on specific continuity requirements. Accordingly, a new real-time
exclusion algorithm is developed, for which the upper bounds on integrity risks are rigorously
derived. Using the new method, performance is comprehensively investigated for two important
civil aircraft navigation operations using various numbers of constellations. We show that high
service availability can be achieved for both operations.
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1. INTRODUCTION. The main challenge when using Global Navigation Satellite Sys-
tems (GNSS) in safety-critical civil aviation applications is to mitigate the integrity threats
caused by measurement faults (Pervan, 1996). For the single constellation case, using the
Global Positioning System (GPS) only, Fault Detection (FD) has been implemented using
Receiver Autonomous Integrity Monitoring (RAIM) (Lee, 1986; Parkinson and Axelrad,
1988; RTCA Special Committee 159, 1991). The core principle of RAIM is to exploit
redundant measurements to achieve self-contained FD at the user receiver (Joerger et al.,
2014).

In the near term, four constellations including GPS (United States (US)), Global-
naya Navigatsionnaya Sputnikovaya Sistema (GLONASS) (Russia), Galileo (European
Union (EU)) and BeiDou (China) are expected to finish their modernisations and/or full
deployments (Gibbons, 2012), which will provide many more satellites in view than
are available using GPS alone. This revolutionary development in GNSS, together with
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important advancements in the RAIM concept itself, will open the possibility to indepen-
dently support all phases of aircraft navigation using GNSS. Therefore, considerable effort
has recently been expended, especially in the EU and the US (Blanch et al., 2015; Fed-
eral Aviation Authority (FAA), 2010), to develop new dual-frequency, multi-constellation
Advanced RAIM (ARAIM) Fault Detection and Exclusion (FDE) methods. Currently, two
versions of ARAIM, corresponding to two operational scenarios, are being investigated.
Horizontal ARAIM (H-ARAIM) aims at providing horizontal navigation integrity for air-
craft en-route, terminal, initial approach, Non-Precision Approach (NPA) and departure
operations. Vertical ARAIM (V-ARAIM) is intended for Localiser Performance with Ver-
tical guidance (LPV) with the final goal of leading the aircraft to a 200-foot decision height,
that is, LPV-200 (EU-US Cooperation on Satellite Navigation, 2016).

With multiple GNSS constellations available for future ARAIM, the impact of having
a large number of available measurements on navigation performance is not entirely obvi-
ous. From the integrity perspective, we can naturally expect the conditional integrity risk
under any given fault hypothesis to be reduced, but there is a chance that the accumu-
lation of monitored fault modes increases the total (unconditioned) integrity risk. From
the continuity perspective, because any reasonable FD algorithm will detect most faults,
the accumulated likelihood of satellite and constellation faults with multiple constella-
tions could dramatically increase ARAIM continuity risk. However, this impact has not
been fully investigated in prior research. Even though the concept of fault exclusion
has been introduced before (Blanch et al., 2014; 2016; Joerger et al., 2013; Joerger and
Pervan, 2016), the algorithms are heuristic and not traceable to any specific navigation
requirements. The key contribution of this paper is to establish the basis to quantify the
contributions of fault events on continuity, which allows us to assess the desired exclu-
sion function performance, or even the need of an exclusion function, based on specific
continuity requirements.

In Section 2, we derive the equations to quantify the contributions of fault events on
ARAIM continuity, based on the navigation requirements for intended ARAIM operations.
The relationships among the failure rates, the GNSS ground segment Mean Time To Notify
(MTTN) the users, and the exposure times are rigorously derived. In particular, when com-
puting the V-ARAIM continuity risk, to accommodate the requirement, we show that a
conversion is required for fault prior probabilities. To achieve this, the assumptions are laid
out and the rationale is clarified.

Section 3 describes the method to assess the need for airborne exclusion, and the pro-
cess to establish the requirements for the exclusion function itself. Given the nominal
ARAIM fault probabilities (Walter et al., 2016) and the continuity risk equations devel-
oped in Section 2, it will be shown that, for dual-constellation V-ARAIM, the accumulated
probability of fault occurrence is below the allocated continuity requirement, which means
that an exclusion function does not need to be implemented. However, when more con-
stellations are used, or the constellations are subject to larger fault probabilities, exclusion
may be required; these cases are specifically identified. For H-ARAIM, we show that the
continuity requirement is much more stringent, so airborne exclusion is always required to
improve continuity.

Section 4 presents the fault exclusion scheme by describing the real-time ARAIM exclu-
sion algorithm: deriving the equations to compute the exclusion thresholds and bound the
associated FDE integrity risk. A Solution Separation (SS) exclusion algorithm is designed,
and the practical implementation procedures are detailed. To evaluate the integrity risk for
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Table 1. Navigation requirements of RNP 0-1 and LPV-200.

Vertical Alert Horizontal Alert Integrity Risk Continuity Risk

Limit (VAL) Limit (HAL) Requirement Requirement
RNP 0-1 N/A 185 m (0-1 nm) 10~ 7/hour 10~8/hour to 10~*/hour
LPV-200 35m 40m 10~7/approach 8 x 107%/15 sec

the FDE algorithm, a conservative but computationally efficient upper bound is derived.
This algorithm is based on the previous work in Zhai et al. (2016) and Joerger and Pervan
(2016).

With the theoretical methods fully characterised, Section 5 quantifies the achievable
ARAIM performance over various numbers of constellations. To investigate the impact
of the increased measurement redundancy on integrity and continuity, two separate anal-
yses are carried out: (a) V-ARAIM availability with FD function only and (b) overall
ARAIM performance with both detection and exclusion functions. The results of (a)
show that adding more measurements into the system could significantly improve nav-
igation integrity. In regard to the second analysis, (b), both the integrity and continuity
requirements are considered. By implementing the new exclusion scheme, high availability
performance can be provided by both V- and H-ARAIM.

2. QUANTIFYING CONTINUITY RISK. This section addresses the impact of GNSS
faults on ARAIM continuity and develops the basis to quantify their contributions to con-
tinuity risk, based on the navigation requirements listed in Table 1 (International Civil
Aviation Organization (ICAO), 2009; FAA, 2012). Required Navigation Performance
(RNP) 0-1 and LPV-200, which correspond to the most stringent navigation requirements
for H- and V-ARAIM (EU-US Cooperation on Satellite Navigation, 2016), are employed
throughout this paper as vehicles to quantify the ARAIM performance.

The V-ARAIM continuity risk requirement Cgpoy is specified as 8 x 107° per
15 seconds. According to ICAO, this requirement applies to average risk (over time) of
Loss Of Continuity (LOC), and is normalised to a 15-second exposure time (ICAO, 2009).
For the H-ARAIM continuity risk requirement Cggp y, the existence of a range, rather
than a single value, accounts for the impact of the number of aircraft using the same ser-
vice in the same area. For example, the intermediate value 10~%/hour can be used for the
situations of high air traffic density and airspace complexity, but the means to mitigate the
LOC impact are present (ICAQO, 2009). Since civilian commercial aircraft have a mandatory
requirement for a backup navigation method, we choose Creo n = 10~%/hour for simulation
purposes in this research.

Obviously, to properly evaluate the overall continuity risk, or probability of LOC (P.oc),
all the sources that cause LOC must be properly accounted for. However, because ARAIM
continuity has been paid less attention than integrity in the literature, False Alarm (FA)
is the only LOC source that has been considered to date (Blanch et al., 2010; Lee and
McLaughlin, 2007). In reality, there are many other possible causes of LOC, including FD,
unscheduled satellite outages, ionospheric scintillation, and radio frequency interference
(EU-US Cooperation on Satellite Navigation, 2016; Zhai et al., 2017). In particular, given
the large number of GNSS measurements and the different failure rates between constel-
lations, multi-constellation ARAIM continuity can be severely affected by frequent FD.

https://doi.org/10.1017/50373463318000383 Published online by Cambridge University Press


https://doi.org/10.1017/S0373463318000383

1284 YAWEI ZHAI AND OTHERS VOL. 71

Therefore, FA and FD are considered as two main continuity threats in this paper. We will
assign a continuity budget to account for the other events and assume their continuity risk
contributions are always below the budget.

To quantify the P;pc contribution from FD, the mechanisms to describe the ARAIM
failure model must be clarified. Current work on defining the fault model is based on GPS
commitments and historical data (Walter et al., 2016). Since other Constellation Service
Providers (CSP) have not clearly established the fault descriptions for their constellations,
this paper employs GPS as the representative. GPS Standard Positioning Service (SPS) Per-
formance Standard (PS) commits to the single satellite failure rate R, of 10~3/hour, which
corresponds to having fewer than three Space Vehicle (SV) faults per year (US Department
of Defense (DOD), 2008). Assuming an MTTN of 1 hour, which is conservatively repre-
sentative of current GPS performance, the single satellite fault state probability Py, at any
time is 107> (Heng et al., 2012). Therefore, unless otherwise specified, we will use 1073
for a single SV fault mode in this paper. As for the constellation faults, even though the
GPS CSP is expected to commit to a constellation fault prior probability P, of 107 in
the future SPS PS, we stay consistent with current ARAIM fault assertions at this stage.
Based on Walter et al. (2016), the following P, values are respectively applied:

e V-ARAIM: 10~* for all constellations;
H-ARAIM: 10~ for GPS, 10~* for other constellations.

Note that these P, and P, values are employed here just for demonstration purposes,
and they may change in the future.

2.1. H-ARAIM continuity risk. Equation (1) shows the overall H-ARAIM continuity
risk Proc iz when only a detection function is implemented (that is, without exclusion capa-
bility). The probabilities of FA and FD are respectively expressed as Pry x and Prp g, and
all other LOC sources are grouped in Poper -

Procy = Pran + Prpp + Pother,t (1)
where
N
PFA,H = P(D0|H0)PHO and PFD,H = ZP(D0|H1)PH, (2)

i=1
Dy represents the detection event using all satellites in view, H; denotes the i-th fault
mode, N is the total number of fault modes, and H, represents the Fault-Free (FF) state.
As described in Blanch et al. (2015), the prior probabilities Py, can be evaluated using Py,
and Peopgt-
2.2.  V-ARAIM Continuity Risk. Similar to Equation (1), the total V-ARAIM continu-
ity risk P oc, with only a detection function, is expressed as Equation (3).

Procy = m(Pray + Prp,y) + Pother,y (3)

When two runways are closely-spaced, the V-ARAIM continuity requirement needs to
be adjusted (ICAO, 2009). This is because the navigation service can be used by many
aircraft at the same time, and they may simultaneously lose continuity due to common
system failure. If two runways are closely-spaced and are handled by the same Air Traffic
Controller (ATC), the simultaneous missed approaches will result in increased stress for
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Table 2. V-ARAIM continuity budget allocation.

PrryreEQ PrpyrEQ Pother,v.REQ

2 x 107%/15 sec 5% 107%/15 sec 10%/15 sec

the ATC. Therefore, to address the impact of the navigation interruptions on more than one
aircraft approach, the multiplier m is introduced in Equation (3), and m = 2 is assumed in
this paper. However, it is worth clarifying that the purpose of introducing this multiplier is
to make the equation general and rigorous. Operationally, such a case may rarely happen so
m can be set to be 1 most of the time. The choice in this paper is to capture the worst-case
operational scenario.

N
Pray = P(Do|Ho)APy, and  Prpy =Y yP(Do|H)APy,, where ) =
i=1

15 sec

“4)

1 hour

To accommodate Cggp,y, the fault probabilities Py, need to be scaled to a 15-second
exposure interval (Zhai et al., 2015). Unlike integrity risk, which is affected by latent faults,
LOC occurs only at the transition moment from continuous service to sudden interrup-
tion. Let us assume all the faults can be detected, and detection always occurs during an
approach. Even though a fault may last an hour or more before it is identified by the ground
segment, if it does not impact the aircraft anymore once detected, one fault will cause only
one LOC in one 15 second segment, regardless of when the fault is detected. Therefore, the
multiplier A in Equation (4) is applied to convert the fault probability Py, into the 15-second
interval.

In the justification above, it is implicitly assumed that a fault does not cause more than
one missed approach for the same aircraft. However, despite the small likelihood, this
situation may happen when (a) the aircraft is exposed to a long-lasting fault, (b) a sec-
ond approach is attempted following a missed approach due to FD, and (c) the fault is
not detected again prior to the second approach but is detected again during the second
approach. To account for such a scenario, the multiplier y is introduced in Equation (4).
Assuming one tenth of aircraft may be exposed to the same fault again during their second
approach, y = 1-1 is employed in this paper.

3. NEED AND REQUIREMENTS FOR ARAIM EXCLUSION. Using the relation-
ships established in Section 2, in this section we will comprehensively assess the need of
exclusion over multiple criteria, identify the cases when the exclusion function is required,
and derive the associated requirements for the exclusion function.

3.1.  Need for V-ARAIM exclusion for continuity. To respectively limit each LOC con-
tribution, the overall continuity risk requirement Crgg y is allocated to the different sources.
Table 2 lists an example allocation that will be used throughout the remainder of this paper.
The three components in the first row correspond to a LOC event under the FF condition,
the Fault-Present (FP) condition and all other causes.

To examine the need for the V-ARAIM exclusion function, the FD probability under
the FP condition should be computed. To do this, we use the first two terms in Equation (5)
below. The rightmost term in Equation (5) is a tight bound on this probability, because the
likelihood of detecting a fault under these conditions will be very close to one by design. If
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Figure 1. Probability bound of LOC due to fault with varying numbers of measurements.

it turns out that the bound is smaller than Prp y e, then a V-ARAIM exclusion function is
not required for continuity.

N N

mPppy=m Yy yP(Do|H)APy, < my Y APy (5)
i=1 i=1

As revealed by Equation (5), the value of the bound is most directly influenced by the
fault mode prior probabilities and the total number of fault modes, N. The latter, in turn,
is dependent on the number of constellations and satellites used, because N accounts for
all the faulty SV combinations including single satellite fault, multiple satellite fault and
constellation fault. Whether a V-ARAIM exclusion function is needed or not could vary
over different operational scenarios. We investigate multiple representative cases using two,
three and four constellations, for which m =2 and y = 1-1 are applied. The sensitivity
analyses are achieved by varying the number of measurements and the values of Py, and
P const-

Figure 1 illustrates the probability bound of Equation (5) as a function of the average
number of visible satellites. In each figure, three solid lines correspond to the number of
constellations being investigated, and the red dashed line is the allocated continuity budget
Prp,yrep. Therefore, an exclusion function is not required when the solid lines are below
the red lines. Under the dual-constellation scenario in Figure 1(a), the intersection between
the black line and the threshold occurs when the average number of satellites is more than
35. It is highly unlikely that this number will ever be reached with any two constellations,
which implies an airborne exclusion function is not needed using dual-constellation V-
ARAIM. For the four-constellation scenario in Figure 1(a), the green line is above the
threshold if the average number of SVs exceeds 15. In this case, with four constellations,
it is quite likely that the average number of visible satellites will far exceed 15 visible SVs
using four constellations, so the heightened continuity risk will need to be reduced by an
exclusion function.

Figure 2 shows the tolerable Py, and P.,, values for one constellation to meet the allo-
cated continuity budget, while assuming all other constellations are subject to nominal fault
probabilities, that is, Py, = 1073 and P,,,5, = 10~*. The three lines in each figure define the
borders of whether or not implementing the exclusion function is required. An exclusion
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Figure 2. Pgg vs. Peonst for one constellation to meet the allocated continuity requirement.

function is not needed if the values of Py,, and P, are located in the region under and to
the left of the solid lines. The results show that, in all cases, a V-ARAIM exclusion function
would be required for continuity if any one of the constellations is subject to Py, of 1074,
Or Poppss of 1073,

3.2. Requirements for V-ARAIM Exclusion. With an exclusion function imple-
mented, only those detection events that the exclusion function cannot resolve would result
in a LOC. These can be further separated into two classes: (1) under FF conditions, a FA
can be followed by No Exclusion (FANE), and (2) a FD can be followed by (FDNE). The
V-ARAIM FDE functions must be defined to limit these two events.

The probability of FANE can be quantified and bounded by the following equation:

mPrangy = mP(Do, Eo|Ho)APp, < mP(Do|Ho)APp, (6)

where Ej denotes the event that no exclusion can be made using all satellites in view. The
upper bound of Equation (6) is the FA event, so the LOC contribution to V-ARAIM FANE
can be controlled by setting detection thresholds. When a fault is present, the probability of
LOC is:

N N
mPrpyey =m Yy yP(Do, Eo\H)APy, < m Yy P(Eo|H)APy, (7)

i=1 i=1
Limiting the bound in Equation (7) to meet Prp yrro can be achieved by appropriately
setting exclusion thresholds. The ARAIM FDE tests will be introduced in the next section.
It must be clarified that to generate the quantitative results in Section 3.1, we chose an
example continuity requirement allocation and example scale factors. Because we seek to
build a general method that rigorously accounts for all possible LOC contributions, conser-
vative values were selected. Therefore, the conclusion from those example analyses may
not be suitable for all operational conditions. For instance, it is not always necessary to use
m = 2, especially for airports with widely dispersed runways. In addition, less conservative
fault probabilities—for example, based on historical data—may be used when computing
continuity risk. Such changes could reduce the FD probability, and may potentially lead
to the conclusion that exclusion is not required for V-ARAIM even if three or four con-
stellations are used. Further, even though we use conservative values, the green line in
Figure 1(a) shows the total LOC probability bound exceeds the requirement (8 x 10~°) by
only a small amount, which might be acceptable from an operational perspective. For this
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Table 3. H-ARAIM continuity budget allocation.

Prr . rEQ Prp 1 rEQ Pother,HH REQ

4 x 1077 /hour 4 x 1077 /hour 2 x 1077 /hour

reason, in the later sections of this paper, V-ARAIM performance is investigated separately
using the FD-only function and the FDE function.

3.3. Requirement for H-ARAIM exclusion. Table 3 lists the H-ARAIM continuity
requirement allocation among FF condition, FP condition, and all other sources. The need
for H-ARAIM exclusion can be assessed using the same approach as for V-ARAIM. Given
the stringent value of Cggpy, the conclusion appears obvious; even the single satellite
fault rate for GPS (10~%/hr) already dramatically exceeds the requirement. Therefore, an
H-ARAIM exclusion function must be implemented to improve continuity.

In this case, the overall H-ARAIM LOC probability is given by Equation (8). Equations
(9) and (10) express the bounds on the FANE and FDNE contributions, which should be
respectively limited to be smaller than Prr i reo and Prp g reo in Table 3.

Proch = Pranen + Prpnea + Pother,t ®)
Prane.sr = P(Do, Eo|Ho)Pp, < P(Do|Ho)Pp, )

N N
Prpyen =y P(Do, Eo|H)Py, < Y P(Eo|H;)Py, (10)

i=1 i=1

4. FAULT EXCLUSION SCHEME. In this section, we present a detailed, step-by-step
description of a new SS-based exclusion algorithm and derive the associated FDE integrity
risk bound. This algorithm is primarily intended to serve as an exclusion function for H-
ARAIM, but it can also be directly applied to improve V-ARAIM continuity when needed.

4.1. Real-time FDE algorithm. The ‘real-time’ algorithm refers to the processes
implemented at the airborne user receiver. As shown in Figure 3, the algorithm starts with
evaluating the instantaneous integrity risk Py, or Protection Level (PL) of the current
geometry. For continuity, the key design element is the follow-up exclusion step after
detection, and the mechanism to determine which SV(s) to exclude, both of which will
be described.

The baseline Multiple Hypotheses SS (MHSS) ARAIM detection algorithm has been
well defined and clarified (Joerger et al., 2014; Blanch, et al., 2015; EU-US Cooperation
on Satellite Navigation, 2016). Using similar notations as our previous work (Zhai et al.,
2016), the normalised detection test statistics g; can be expressed as:

quXO_deEO_gd, ford=1,...,n (11)

oAy Oay

where X is the least squares position estimate using all-in-view satellites; X, is the least
squares position estimate using all in-view satellites except the ones included in fault mode
d,d =1,...,n;nis the number of all fault modes that need to be monitored; o, is the stan-
dard deviation of the SS detection statistic Ay, which is defined as the difference between
Xo and Xg4; &g is the position estimate error of Xy, having a normal distribution with bias of
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Figure 3. Flow diagram of the FDE algorithm.

by and standard deviation oy and g, is the position estimate error of X, having a normal
distribution with bias of b; and standard deviation o,.

In the detection step, all the statistics in Equation (11) are evaluated and compared with
their corresponding detection thresholds 7, which are predefined based on the allocated
FA requirement. If any of the statistics exceed the threshold, an alarm is issued, which
indicates a fault exists in the system. Otherwise, if all the test statistics are smaller than
their corresponding thresholds, there is no detection event and the operation continues.

Once an alarm occurs, the exclusion function will be executed. In this design, the exclu-
sion function is composed of a two-step process. The first step determines the exclusion
option order by arraying all ¢; in a magnitude descending sequence. The first exclusion
option corresponds to the fault mode with maximum statistic. The principle behind for-
matting in this order is due to the distributions of SS detection statistics. As the statistics
are the differences between the all-in-view and satellite subset solutions in the position
domain; under a faulted condition, it is most likely that the one corresponding to the actual
fault is much larger than the others. It is worth mentioning that the purpose of the first step
is to provide an efficient route for the algorithm to quickly make the final exclusion deci-
sion. There are cases when the actual fault mode does not result in the maximum statistic,
especially when the constellation is exposed to more than one SV failure. That is why the
second step has to be applied.
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In the second step, the final exclusion option is determined. It employs a second layer
detection test to confirm there is no alarm in the satellite subset. The normalised exclusion
statistics g, (or second layer detection statistics) are defined as:

_ 526 - -%e,k _ Ee — ek _
e = = , fork=1,...,n.. (12)
UAL’,]( GAE,A

where X, is the least squares position estimate using the remaining satellites after exclud-
ing fault mode e,e=1,...,n, except the ones in the second layer fault mode £,k =
1,...,n.; 0a,, is the standard deviation of the exclusion statistic A, which is defined
as the difference between x, and X, and & is the position estimate error of X, 4, having a
normal distribution with bias b, ; and standard deviation o .

This step goes through all the exclusion options following the order determined in step 1.
For each option, the exclusion test compares each ¢, ; with its associated exclusion thresh-
old T, , which is determined by the continuity requirement. If all the exclusion statistics
are within their thresholds, then the associated satellite(s) in the candidate fault mode is/are
chosen to be excluded. However, it is possible that no exclusion can be made even after
testing all the options. This case will result in a LOC, and its probability of occurrence
has been captured in Equations (7) and (10). In summary, two conditions will result in a
satellite subset j being excluded (£ ): (a) there is no second layer detection after excluding
this subset (D;) or (b) this subset corresponds to the maximum detection statistic among
the subsets that pass the exclusion test (MAX;).

4.2. Evaluating FDE thresholds. With the FDE algorithm specified, the events of
fault detection (D) and no exclusion (Ej) can be expressed in mathematical terms. The
detection and exclusion thresholds for H-ARAIM can be computed respectively using the
following equations:

1 | Prr.a.rEO
T,=Q ' =% 13
a=0 { 2Py - n (13)
1 | Pre.i rEO.H Prp 1 rE
Tu=0" {?Ql} ,  where Prp y rEQ.HI = # (14)
e i

where Q7!(-) is the inverse tail probability function of the standard normal distribution.
Equations (13) and (14) are derived in the Appendix, based on the H-ARAIM continuity
requirement. For V-ARAIM, if exclusion is implemented, these two equations can also be
applied. A minor modification may be needed to accommodate the multipliers in Equations
(6) and (7).

4.3. Quantifying FDE integrity risk. Since the a priori integrity risk evaluation is
adopted as shown in Figure 3, when computing the instantaneous P, /PL in real-time,
the receiver does not know whether there is a fault detection or not, and which satellite
subset needs to be excluded. Therefore, all possible situations that cause integrity threats
need to be characterised. As a result, the instantaneous Py /PL are identical to the predic-
tive Ppyy/PL, which are usually evaluated for offline analyses purposes, and both need to
account for the risks introduced by the exclusion options (Joerger and Pervan, 2016):

Py = P(HIy, Do) + ) P(HI;, E;, D) (15)
Jj=1
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In Equation (15), HIy and HI; respectively represent the events that hazardous infor-
mation exists in (a) a full-set position solution and in (b) a subset solution after excluding
satellite(s) in fault mode j . Dy denotes a no fault detection event using all-in-view satellites.
It can be bounded by employing the multiple fault hypothesis approach:

n n
Pymr < meax P(HIy, Do|Hy, fi) + Y P(HI;, Dy, MAX;, Do|Hy. fi) | Pr, + Pras - (16)
=0 ' j=1

where Pyy, denotes the summation of prior probabilities for all non-monitored fault modes
(Blanch et al., 2015). There is an expansion of notation from Equation (15) to (16), where
the exclusion event £; in the former is decomposed in terms of both [_)j and MAX;. Under
the hypothesis H;, the actual fault vector is f;, which can be fully described by its direction
and magnitude (Joerger et al., 2014). The worst-case fault is obtained when the conditional
FDE integrity risk for H; (the summation over all exclusion options under hypothesis H;)
is maximised. However, directly evaluating Py, using Equation (16) is almost impossible
because (a) searching for the worst-case fault over all exclusion options is an arduous task,
especially when H; is a multiple-satellite fault mode, and (b) the correlations between the
events in each exclusion option are complex. In response, we seek a more computationally
efficient upper bound.

n n

n
Pt — Pxw < Y P (Hlo, Do|Hy) Py, + Y > " P (HI;, D, MAX;, Do|H;) Py, (17)
i=0 =0 j=1

In Equation (17), we have implicitly selected f; to maximise each term individually. In
contrast, in Equation (16), a single fault mode is selected to maximise the sum of all the
terms. Therefore, summing the maximised individual risks using Equation (17) always
bounds the maximised summed risk in Equation (16).

The first summation term on the right side of Equation (17) corresponds to the detection-
only integrity risk, Py rp,ony, for which the bounding methods have already been well
established in several prior works. Here, we take advantage of the results in Joerger et al.
(2014) and Blanch et al. (2015), and directly use the following upper bound of Equation
(20) for this term:

n
Pyt ppony = P (Hlo, Do|Hy) Py, + ZP (Hly, Do|H;) Py, (18)

i=1

n n
< P(leo| > €|Hy) Py, + Y P <|80| > £, (Vlgal < Td|H,~> Py, (19)
=1 d=1

< P(leol > £|Ho) Pu, + Y P (leil + 05, T; > L|H;) Py, (20)

i=1

where ¢ is the alert limit (AL). Equation (20) will be used to compute the Py (or PL) if
only the FD function is implemented.

Our attention is now turned to the second (double summation) term on the right side of
Equation (17), which carries the cost of increased integrity risk by implementing exclusion.
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We first define Ppy,;;; as the integrity risk contribution after excluding £; under hypoth-
esis /1;. For the FF condition, Hy, since the position estimation error ¢; is expected to be
significantly smaller than AL, Ppyy 0, can still be tightly bounded by eliminating all other
information:

Pryio, = P(Hfj,l_)j, MAXj,Do|Hi) Py, (21)
< P (HI;|Hy) Py, = P (|¢;| > € |Ho) P, (22)

For the other fault hypotheses H;, the exclusion events can be classified into two cat-
egories: Correct Exclusion (CE) and Wrong Exclusion (WE). Equation (22) can also be
applied to tightly bound the integrity risk of a CE event, because if the actual faulted satel-
lite subset S; belongs to the excluded subset S;, the post-exclusion position estimate X;
is also FF. In regard to the WE event, we employ the following bounding steps, leading
to a final upper bound of Equation (26) that can be evaluated with great computational

efficiency.
Pumrij = P (HI;, Dy, MAX;, Do|H;) Py, (23)
SiZS;
< P (HI;, D;|H;) Py, = P <|sj| > 0 lgral < T,»,k|Hi> Py, (24
k=1
< P(lg| > €, 1g; < T;;1H;) Py, (25)
< P(|8j,i| +O'A“.]},,' > gl[‘[,) PH,- (26)

To improve computational efficiency, the knowledge of MAX; and Dy is eliminated in
the progression from Equation (23) to (24), which implies the exclusion option order does
not impact the final integrity risk upper bound (Milner et al., 2017). This is consistent
with the original motivation of designating the order, which aims to speed up the real-time
exclusion decision-making process, and is not aimed at improving integrity. In summary,
the overall FDE integrity risk associated with the proposed algorithm can be upper-bounded
and evaluated by substituting Equations (20), (22) and (26) into Equation (27) (Joerger and
Pervan, 2016):

Priy — Py < P (60| > C|Ho) P, + ) P (ledl +0a,T; > €IH) Py,
i=1
v (P (Ie| > ClHo) Pry, + X"y P(lej| > £1H;) Py
+>° SicS 27)

] ;
T\ 7 ZS;‘;%] P (leyil +on;, T;i > CIH;) Py,

The PL is an alternative way to express the information contained in the FDE integrity
risk bound Equation (27). The PL is a more practical metric in many cases (Blanch, et al.,
2010; 2015), especially when the ALs of the operations are unknown. The PL correspond-
ing to Equation (27) can be computed (iteratively) using Equation (28). The derivation of
Equation (28) can be found in Appendix D of Cassel (2017), and a method to solve the
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Table 4. Multi-constellation ARAIM simulation parameters.

Constellation 24GPS + 24Galileo + 23GLONASS + 27Beidou
Mask Angle 5 degrees
User Grid Latitude by Longitude: 10deg x 10deg
Simulation Time Period 1 day
Time Steps 10 mins
Error Model Nominal Model Described in (EU-US Cooperation on Satellite Navigation, 2016)
Coverage Range V-ARAIM: —70deg to 70deg latitude H-ARAIM: worldwide
Psar 1073
Peonst V-ARAIM: 10~ for all constellations
H-ARAIM: 1078 for GPS, 10~* for others
OURA V-ARAIM: 1m, H-ARAIM: 2-4m
OURE 2/30uRr4
brom 0-75m

equation is introduced in Appendix E of the same document.

PL—b ! PL— b, —oa T,
Irzo — Py < 20 (0—(’) + ZQ (#) Py,
0

o
i=1 !

Py

i

" PL—b:;—op T
ST 74 ”> (28)

i=1 ’

j=1 i
Ny

5. MULTI-CONSTELLATION ARAIM PERFORMANCE. With the theoretical meth-
ods being derived in previous sections, this section investigates multi-constellation ARAIM
navigation performance, and addresses the impact of increased numbers of measurements
on integrity and continuity. Because an exclusion function must be implemented to improve
H-ARAIM continuity, and whether or not exclusion function is needed for V-ARAIM
largely depends on the operational scenario, we respectively analyse performance (a) using
FD function only for V-ARAIM, and (b) applying both detection and exclusion functions
for four-constellation V-ARAIM and dual-constellation H-ARAIM.

The analyses are performed under the baseline simulation conditions (EU-US Coopera-
tion on Satellite Navigation, 2016), which are listed here in Table 4. It is important to note
that the ARAIM navigation performance is highly dependent on the values of the Integrity
Support Message (ISM) parameters, including nominal measurement biases b,,,, standard
deviations of the ephemeris and clock errors oyr4/ourE, Psar and Peons;. The ISM values in
Table 4 are determined based on GPS performance, but they may be optimistic for other
constellations. If the constellations are subject to larger ISM values, the ARAIM naviga-
tion performance will be degraded (Lee and Bian, 2017). However, as sensitivity analyses
to the ISM are beyond the scope of this paper, the same ISM values will be applied for all
constellations for simulation purposes.

5.1. Achievable V-ARAIM performance using only FD. The goal of this first analysis
is to quantify achievable V-ARAIM navigation performance over various numbers of the
constellations. This addresses the impact of increased measurement redundancy on naviga-
tion integrity. The analysis is carried out to answer the following questions: whether adding
more measurements always helps improve navigation performance, and what service levels
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24GPS + 24Galileo, Average VPL = 26.48m

Figure 4. Achievable VPL levels (in metres) using two-constellation V-ARAIM detection.

24GPS + 24Galileo + 23GLONASS
Average VPL = 16.78m

Figure 5. Achievable VPL levels (in metres) using three-constellation V-ARAIM detection.

Table 5. 99-5% availability coverage.

Two Three Four
VAL Constellations Constellations Constellations
15m 0% 14% 94-75%
20m 0% 97% 100%
35m 98-37% 100% 100%

can be achieved. Figures 4 to 6 demonstrate the achievable Vertical PL (VPL) with two,
three and four constellations.

Table 5 expresses the performance in terms of availability coverages with varying VAL.
Availability is defined as the fraction of time the navigation system is usable before the
operation is initiated, and the coverage reflects the fraction of users in the investigated
region that have availability greater than 0-995. Because VAL is the most stringent require-
ment criterion, it is used to determine V-ARAIM availability. The results indicate that
adding constellations significantly improves V-ARAIM navigation integrity. With four
constellations, high coverage can be achieved for VAL as low as 15 m.
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24GPS + 24Galileo + 23GLONASS + 27Beidou
Average VPL = 13.34m

35
30

45 N
25

0
20

45°S
15
10

Figure 6. Achievable VPL levels (in metres) using four-constellation V-ARAIM detection.

24GPS + 24Galileo + 23GLONASS + 27Beidou
Average VPL = 17.5m

Figure 7. VPL map (in metres) using four-constellation V-ARAIM FDE.

5.2. Overall ARAIM performance using both detection and exclusion. The second
analysis validates the exclusion scheme and shows the ARAIM availability while meeting
both the integrity and continuity requirements. In Section 3 (Figures 1 and 2), we iden-
tified specific scenarios that required V-ARAIM exclusion to improve continuity using
four constellations. Figure 7 shows that 100% availability coverage for LPV-200 can be
achieved for V-ARAIM FDE, when the continuity requirements, in addition to integrity,
can be simultaneously met.

Figure 8 illustrates worldwide availability performance for RNP 0-1 using dual-
constellation H-ARAIM FDE. The result indicates that even with two constellations, our
proposed exclusion scheme (including the exclusion function itself and corresponding
integrity risk bound) can provide high availability while fulfilling H-ARAIM integrity and
continuity requirements.
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24GPS + 24Galileo
Average Availability = 99.97% | Coverage(0.995) = 96.31%

0.99

0.98

0.97

0.96

0.95
Figure 8. Availability map using dual-constellation H-ARAIM FDE.

6. CONCLUSION. This paper comprehensively investigates the fault exclusion prob-
lem in future multi-constellation, dual-frequency ARAIM. The key contribution is the
establishment of a theoretical basis to quantify the contributions of fault events on conti-
nuity risk, thereby allowing quantitative assessment of the exclusion function performance
relative to specific continuity requirements. We first interpret the continuity requirements
for two important ARAIM-intended operations and investigate the impact of GNSS faults
in the context of these requirements. It is concluded that an airborne H-ARAIM exclusion
function is always required to improve continuity, whereas V-ARAIM exclusion is likely
to be needed only if four constellations are applied and/or the constellations are subject to
large fault probabilities. Accordingly, a real-time exclusion algorithm has been designed, its
implementation process clarified and the associated FDE integrity risk bound derived. The
results of the analyses show that, for V-ARAIM, adding more GNSS measurements could
significantly improve navigation integrity. In addition, implementing the proposed exclu-
sion scheme provides high availability for both V- and H-ARAIM, while simultaneously
meeting integrity and continuity requirements.
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APPENDIX - DERIVATION OF EQUATIONS TO COMPUTE FDE THRESHOLDS.
As described in Section 4.1, a detection event occurs (Dp) when any of the first layer detection
statistics exceeds the thresholds, that is: UZ:I |qa| > T4. An LOC event occurs when the fault cannot
be excluded (Ep) - that is, when no exclusion option can be validated. In mathematical terms, this
happens when a second layer detection occurs: (Vo= (U2 [gexl > Te)-

For H-ARAIM, Equation (9) in the main context can be written as:

n
Pranen < P (U lgal > Td|Ho> P, (A1)
d=1
n
< ZPUCMI > T4|Ho)PH, < Prr 1 REQ (A2)
d=1

Therefore, the detection thresholds 7; for H-ARAIM can be computed using an inverse tail
probability function of the standard normal distribution O~ !{-}:

(A3)

1 | PFF,H RE
o)

2PH0 - n

which is the same as Equation (13).
Similarly, the exclusion thresholds T;; are evaluated based on Prp g rEQ- Equation (10) becomes:

n n Ne
Prpnes < Y P (ﬂ (U gex| > Te,k) IHi) Py, + Pny (A4)

=1 \e=l \k=1
n ne

<yr (U gik! > Ti,k|H0> P, + Py (AS5)
=1 \k=1
no ne

< ZZP (I9ikl > TixlHo) P, + Pnm < Prp.u rEOQ (A6)

i=1 k=1

where Pyys denotes the summation of prior probabilities for all non-monitored fault modes. The
bound used in the transition from Equation (A4) to Equation (AS5) is noteworthy, where only one
exclusion option, associated with the correct fault hypothesis is considered, that is, e = i. Since the
actual fault is excluded, the second layer detection statistics in Equation (A6) are fault free (Hp).
Equation (A6) can be applied to set the exclusion thresholds over all the monitored fault hypotheses.
In this work, we use an even allocation of Prp i rgp over all the hypotheses. Therefore,

Prp 1 RE
} . where Prp g R = —REC (AT)
n- Py,

Prp 1 REQ,HI
2 ne

Tix=0"" {

which is the same as Equation (14).
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