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Abstract: Advanced receiver autonomous integrity monitoring (ARAIM) using multiple global navigation satellite system
constellations is expected to bring significant navigation performance improvement to civil aviation. However, using multiple
constellations, the higher number of satellite outages due, for example, to routine station keeping manoeuvres, could
significantly increase continuity risk. In response, this study proposes a new method to rigorously quantify the impact of satellite
outages on navigation safety. To achieve this, integrity and continuity risk bounds are derived, which account for all possible
outage conditions. In addition, the proposed approach allows to determine whether an exclusion function is needed following an
outage event. The method is implemented to analyse horizontal ARAIM (H-ARAIM) availability performance. Results indicate
that dual-constellation H-ARAIM can provide high service availability, where both integrity and continuity requirements are met.

1 Introduction As an evolution of RAIM, H-ARAIM will take advantage of

Global navigation satellite systems (GNSS) measurements are
vulnerable to faults including satellite and constellation failures [1],
which can potentially lead to catastrophic consequences in safety-
critical applications. To mitigate their impact, receiver autonomous
integrity monitoring (RAIM) has been used in aviation as a backup
navigation tool [2-4]. The core principle of RAIM is to exploit
redundant measurements to achieve self-contained fault detection
(FD) at the user receiver [5]. Future GNSS constellations will
provide dramatically increased measurement redundancy and
reduced measurement errors. These developments, together with
advances in the RAIM concept itself, will open the possibility to
independently support aircraft navigation using GNSS during all
phases of flight (from take-off, through en-route flight, and final
approach to landing) with minimal investment in ground
infrastructure. Therefore, considerable effort has recently been
expended, especially in the European Union and the USA, to
develop new dual-frequency, multi-constellation advanced RAIM
(ARAIM) FD and exclusion (FDE) methods [6-8].

Currently, two versions of ARAIM, corresponding to two
operational scenarios, are being investigated [9]. Horizontal
ARAIM (H-ARAIM) mainly aims at providing horizontal
navigation integrity for aircraft en-route flight. Vertical ARAIM
(V-ARAIM) is intended for localiser performance with vertical
guidance (LPV) with the goal of leading the aircraft to a 200-foot
decision height; this operation is called LPV-200. In comparison
with H-ARAIM, V-ARAIM integrity requirements are more
stringent because the alert limits (AL) for LPV-200 are
significantly smaller than for H-ARAIM operations. However, the
continuity requirements for H-ARAIM are more stringent than for
V-ARAIM. This is because when losing navigation continuity
during an approach, the aircraft can switch to a different
operational mode, e.g. abort landing, go around, and try an
approach again. Those manoeuvres are not unusual during landing
and do not impact operational safety [10]. In contrast, H-ARAIM
missions cannot easily be aborted once started, and alternative
navigation methods must be found when loss of continuity (LOC)
occurs. When ARAIM is used as primary navigation system, LOC
during operation can lead the aircraft to be left without a means of
navigation, which is highly undesirable. This work focuses on
ensuring H-ARAIM continuity. The proposed methods also apply
to V-ARAIM.
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GNSS modernisation and of newly deployed GNSS. In particular,
the role transition from backup to primary means of navigation has
increased the significance of H-ARAIM continuity as compared to
conventional RAIM. Most prior ARAIM work focused on reducing
integrity risk [11-13]. Only few investigated continuity, and in
most cases, false alarm (FA) was considered the only source of
LOC [14, 15]. However, to properly evaluate the overall continuity
risk, all sources of LOC must be accounted for. Causes of LOC
include FD, satellite outages (SO), ionospheric scintillation
(I0SC), and radio frequency interference (RFI) [16]. When using
multiple GNSS constellations in ARAIM, the heightened
likelihood of satellite fault and SO can impact navigation
continuity [17]. Moreover, satellite failure and outage rates may be
larger in newly deployed constellations, which could further
decrease navigation continuity.

To reduce the continuity risk caused by frequent FD, a fault
exclusion method was proposed in our prior work [18]. An
exclusion function is executed after a fault is detected, and it
autonomously identifies and removes the cause of the alarm,
thereby preserving navigation continuity. To assess the impact of
unscheduled SO (USO) on continuity, we employed a ‘critical
satellite’ approach described in [17, 19]. However, evaluating the
number of critical satellites requires a separate, computationally-
expensive analysis. This is not a problem for ground-based
augmentation system operations, because the evaluation is
performed at the ground [20]. However, an airborne ARAIM
receiver cannot handle such computational complexity. In addition,
the integrity risk equations that define critical satellites can be
overly conservative [17]. In response, this paper develops new
methods to quantify the impact of SO on H-ARAIM continuity.
The key contribution is a rigorous derivation of a continuity risk
equation that accounts for LOC contributions from both
measurement faults and outages. This new approach incorporates
the separate critical satellite analysis into a single integrity risk
equation, which can then be applied for ARAIM service
availability prediction.

Section 2 of this paper gives an overview of the real-time
ARAIM FDE user algorithm. The test statistics are defined,
practical implementation procedures are detailed, and the integrity
risk is bounded. The methods derived in later sections are all based
on this algorithm.

In Section 3, the impact of SO on continuity is discussed, and
the overall ARAIM continuity risk equation is derived. The
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Fig. 1 Flow diagram of the real-time FDE process

equation accounts for all SO scenarios and for all fault modes. The
LOC contributions from those events can be controlled by setting
FDE thresholds. Other LOC sources, such as IOSC and RFI, are
treated together by allocating a continuity budget.

Section 4 describes two approaches to evaluate the FDE
thresholds, using equally allocated continuity budgets over SO
scenarios and using a more advanced method. First, the equal-
allocation approach can be carried out without the receiver having
to recognise whether a SO is actually present, and the values
assigned for threshold computation are independent of the current
SO condition. Then, since SO status can actually be determined at
the airborne receiver, different continuity budgets can be applied
for those cases. This second approach can result in smaller integrity
risk contributions, and allows to identify whether an exclusion
function is needed or not after an outage has occurred.

Finally, the last section of this paper presents an overall H-
ARAIM navigation availability performance. The predictive
integrity risk bound is derived by weighting the instantaneous
integrity risk using SO prior probabilities. It characterises both SO
and faults. Required navigation performance (RNP) 0.1 and 0.3 are
used as example operations to show the achievable H-ARAIM
performance (RNP 0.1 is the most stringent navigation requirement
for H-ARAIM operations.). For a baseline GPS/Galileo
constellation, the two continuity risk allocation approaches are
analysed, both of which achieve high service availability.

2 ARAIM FDE algorithm

To improve navigation continuity, we designed a solution
separation (SS) based fault exclusion algorithm [18]. This section
describes the implementation of this algorithm, and derives
integrity risk bounds for both FD-only and FDE. For analysis
purposes, two types of integrity risk are introduced in this paper.
First, instantaneous integrity risk, 1Py, refers to the one computed
at the receiver in real time using the current satellite geometry. The
left superscript ‘I’ denotes ‘instantaneous’, and the details of
computing 1Pyyy will be provided later in Section 2.2. Then,
predictive integrity risk, PPy, is evaluated on the ground to
analyse and predict ARAIM continuity and coverage performance.
The left superscript ‘P’ of PPy refers to ‘predictive’ and more
details will be provided in Section 5. It is noteworthy that the
airborne user receiver may have been experiencing SO during
operation, so 1Py is conditioned on the presence of the SO. But to
lighten notations, in this section, no specific subscript is employed
to identify the SO condition. Those notations are introduced in later
sections to quantify the overall continuity risk.

2.1 Real-time FDE process

Prior work assessing the need of ARAIM fault exclusion [18]
showed that an airborne H-ARAIM exclusion function is always
required to meet continuity requirements. In contrast, V-ARAIM
exclusion may only be needed if four constellations are used or/and
if the constellations have large fault probabilities. This work
focuses on H-ARAIM. The need of H-ARAIM exclusion is
reassessed in this paper after we derive a new continuity equation
that captures LOC due to SO.

Fig. 1 is a flow diagram that summarises the real-time ARAIM
FDE procedure. It starts with evaluating the instantaneous integrity
risk 1Py, or instantaneous protection level ('PL), using the current
visible geometry. The remaining FDE steps will be implemented
only if the integrity risk requirement Irgqg or AL of the intended
operation is met. For continuity, the key element is the exclusion
step following detection, and the mechanism to determine which
space vehicles (SVs) to exclude, both of which will be described
hereafter. For H-ARAIM, the probability of GPS constellation fault
is assumed to be 1078 [21], so GPS can be relied upon to exclude
other constellation faults even in the dual-constellation case.

A baseline multiple hypotheses SS ARAIM detection algorithm
is described in [5, 8]. Using similar notations as our previous work
[18, 22], the normalised detection test statistics g, can be expressed
as

Xo—Xqg & — &
4a = = 3
GAd

ford=1...h. (1)

where X, is the least squares scalar position estimate using all
satellites in view, for a position coordinate of interest (e.g. for the
east and/or north direction in H-ARAIM); x, is the least squares
position estimate using all satellites except the one(s) included in
fault mode d, d=1, ... h; h is the number of fault modes that need
to be monitored; o, is the standard deviation of the SS detection
statistic Ay, which is defined as the difference between X, and x; &
is the position estimate error of X,, having a normal distribution
with standard deviation o, and with a mean's absolute value no
greater than by; and &; is the position estimate error of x,, following
a normal distribution with bounding bias b, and standard deviation
Oy.

In the detection step, the statistics in (1) are compared with their
corresponding thresholds 7,;, which are derived in Section 4 to
achieve an allocated FA budget. If any of the statistics exceeds its
threshold, i.e. if U%_, g,/ > Ty, then an alert is issued, indicating
that a fault may be present: this event is labelled D,. Otherwise, if
all test statistics are smaller than their corresponding thresholds,
ie. if N%_, |gu < Ty, then there is no detection (event D), and the
operation continues.

If an exclusion function is implemented, it is executed after an
alert occurs. In our design, the exclusion function is a two-step
process. The first step aims at prioritising exclusion options
considering the set of statistics g; arranged in descending
magnitude. This approach is employed because each g, is tailored
to a specific fault mode, and the most likely fault hypothesis is the
one corresponding to the maximum ¢, The purpose of this first
step is to speed up the exclusion decision. As measurements are
noisy, there will be cases when the maximum statistic does not
correspond to the actual fault mode. That is why a second step
must be applied.

In the second step, the exclusion option is validated. The second
layer of detection tests is employed to confirm that the remaining
satellite subset is fault free. The normalised exclusion statistics (i.c.
the second layer detection statistics) are defined as

A A
Xe = Xel _ Ee— &

Ge, 1 = ,fori=1...s5. )

O_Ae, ! O_Aﬂ,/

where X, is the least squares position estimate using the remaining
satellites after excluding subset e, e=1, ... h (which includes all
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faulted SVs under fault mode e); x,; is the least squares position
estimate using satellites remaining after excluding subset e, and
after also excluding possibly faulted satellites under the second
layer of fault modes /, /=1, ... s; 64, 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, ,
having a normal distribution with bounding bias b,; and standard
deviation o, ;.

This second step considers all exclusion options following the
order determined in step 1. For each option, the exclusion test
compares each g, ; with its associated threshold T, ;, which is also
derived in Section 4 using the allocated continuity budget. If all the
exclusion statistics are within their thresholds, ie. if
Ni_1|get| < Ty, then the associated SV subset is chosen to be
excluded.

It is possible that no exclusion (NE) is validated, even after
testing all options. This event can be expressed as:
N { U |ges > Tey). This case results in LOC, and its
probability of occurrence will be evaluated in Section 3. Thus, after
detection, two conditions are necessary for a satellite subset j to be
excluded (this event is noted E;): (i) no alert is triggered by the
second layer of detection, after excluding subset j (event Dj); (i1)
the detection statistic g; corresponding to subset j is the largest
among the subsets that pass the exclusion test (event MAX ;).

2.2 Instantaneous integrity risk

Integrity is a measure of the trust that can be placed in the
correctness of the information supplied by the total navigation
system [10]. Integrity risk is defined as the probability that an
undetected navigation error results in hazardous misleading
information (HMI). HMI occurs when the position error exceeds a
predefined AL and no alert is given. As H-ARAIM only provides
horizontal navigation service, only the horizontal AL (HAL) needs
to be considered. As shown in Fig. 1, for a-priori integrity risk
evaluation, the receiver does not know whether a fault will be
detected or not, and it does not know which satellite subset will be
excluded. Therefore, all possible integrity threats are considered.
Using FD-only, no integrity risk other than missed detection
affects the system. So, the integrity risk under FD-only is a joint
probability of having a hazard and sending no alert (Dy) [5]

Pymirp = P(Hlo, Do) 3)

where HI, represents the event of hazardous information existing
in the full-set solution, i.e. |g| > £, where ¢ is the AL; D, is the
event of no FD using all satellites in view. Considering multiple
mutually-exclusive, exhaustive fault hypotheses, (3) can be
rewritten as and bounded by [5, 22]

H h
1PymiFp = ZP leol > 2, ﬂ lgal < T4|H;|Pg, “4)
=0 d=1

< P(l&l > €| Ho)Pp,
" (5)
+ Z P(led + T; 04, > €|H;)Py, + PxM Faut

i=1

In (4), H; denotes the fault hypotheses for i=0, 1, ..., H, which
account for all faulty SV combinations of the measurements
including fault free (FF), single satellite fault, multiple satellite
faults, constellation fault. / is greater than h. Py, is the prior
probability of occurrence of H;, which is derived from the prior
probabilities of satellite fault Py, and constellation fault P.y,y. To
avoid confusion, it is worth clarifying that the subscript ‘0’ of H,
indicates the FF state, whereas the ‘0’ of D, and D, represent the
use of all-in-view satellites. The third term of (5), Pxwm. Faul, denotes

the summation of prior probabilities for all non-monitored fault
modes [5, 22].
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If an airborne exclusion function is implemented, the integrity
risk equation becomes [18]

h

WPy roe = P(HI, Do)+ Y. P(HIj, Ej, Dy) (6)
j=1

where HI; is the event that hazardous information exists in a subset
solution after excluding faulted SV(s) under fault mode j, i.e.
el > #. As compared with (3), the additional term in (6) captures
the risk of wrong exclusions, which is the cost of employing an
exclusion function to improve continuity. That is, the user may still
be in a hazardous state even if a fault is detected and measurements
excluded. To evaluate IPyypy ppg, an upper bound is derived in [18],
and the final expression is given as

h
PymrroE < Plleol > £ |Ho) Py, + 2 P(lel + Ty 0a, > ¢ |H,)Py,
=1

h
P(le]| > ¢ |Ho)Py, + z P(le]| > ¢ |H,)Py,

i=1

L Sics;
+ ; i ! + PNM, Fault
J + 2 P(|€j.i| + Tj,i UAJ.‘I» >7 |Hi)PHi
i=1
Si¢S;
N

3 Overall continuity risk

In aviation navigation, continuity measures the capability of the
system to perform its function without unscheduled interruptions
during the intended operation. The continuity risk, or probability of
LOC Prgoc, is the probability of a detected but unscheduled
navigation function interruption after an operation has been
initiated [10]. For H-ARAIM, the occurrence of LOC is considered
a minor severity event [23].

The International Civil Aviation Organisation (ICAO) specifies
the continuity risk requirement Crgq for H-ARAIM operations in

the range of 1078-107%/h. The existence of a range, rather than a
single value, accounts for the number of aircraft that are
simultaneously using the same navigation service. According to
[10], the navigation system continuity requirement Cgrgq for a

single aircraft is 107%/h. However, this requirement is flexible for
satellite-based systems, depending on traffic density and airspace
complexity. For example, the most stringent requirement of 1078/h
is suitable for areas where many aircrafts use the same service and
where additional navigation tools are unavailable. The intermediate
value of 107%/h can be used for situations of high air traffic density
and airspace complexity, but other means to mitigate LOC are
available. Specifications for Crgq vary with aircraft operation. For
example, [24] specifies that Crgq for en-route flight is 1073 and
107%h for lateral navigation only approach; [25] uses a different
range for the continuity risk requirement from 1077 to 107>/h. For
simulation purposes, a Crgq-value of 1079 is selected. This value
is consistent with ICAO specifications, considering that backup
navigation equipment is mandatory for civilian commercial
aircraft. It implies that 100 aircrafts can simultaneously use the
same GNSS navigation service in a same region of operation [26],
and that possible LOC-mitigation means are available.

3.1 Satellite outages

SO is a major source of LOC in H-ARAIM because SV losses can
significantly weaken satellite geometry. SO can be classified into
two types: scheduled SO (SSO) are usually planned for satellite
maintenance, and they are announced at least 48 h in advance to
the user; USO are typically caused by sudden system malfunctions
[27]. H-ARAIM assumes that no ARAIM-specific information is
provided to the receiver at dispatch [23]. Therefore, SSO are
treated as a source of H-ARAIM LOC, just as USO are.



To quantitatively capture the P oc contribution due to SO, a SO
model must be considered. For the GPS constellation, the GPS
standard positioning service performance standard (GPS SPS PS)
has committed to a USO occurrence rate of <2 x 1074/h/SV [27].
The actual USO rate was evaluated in prior work [28] by
processing GPS data from January 1999 through August 2011. The
actual USO rate over that period was 6.67 x 107>/h/SV, which is
well below the GPS commitment. A more recent study from
Stanford University reveals that the total SO rate from 2012 to
2016, including both SSO and USO, is 1.28 x 1074/h/SV [29]. For
continuity evaluation, ARAIM considers historical constellation
performance when it is available [16]. This paper assumes an
example value for the SO probability, Py, of 2 x 10~4/h/SV. The
same P,,-value is assumed for all constellations.

3.2 Quantifying H-ARAIM continuity risk

To evaluate the probability of LOC (P oc), all sources of LOC
must be accounted for, including FA, FD, SO, IOSC, RFI, and so
on. The continuity risk contributions can be classified in two
categories:

PLOC = Palert + Pother (8)

In (8), P,er is the probability of the airborne receiver issuing an
alert, which can happen under two scenarios: using FD-only if true
or false detection occurs, or using FDE if detection occurs but NE
option is validated. Py is used to set detection and exclusion
thresholds. Other than airborne alerts, all cases of 1Py exceeding
the integrity risk requirement Iggq are perceived at the receiver as
sources of LOC, and are grouped together under Pyy,e;. Root causes
for 1Py > Irpq include poor satellite geometries, e.g. due to SO,
which we will analyse in Section 5. Other root causes that are not
as well understood as SO include unusually high oyra OF bpom,
IOSC, RFI, and so on. Evaluating the impact of these other root
causes on LOC requires separate analyses, which are beyond the
scope of this work. Instead, we will assign a continuity budget to
account for those events and assume their continuity risk
contributions are always below the budget. As an example in this
work, Crgq is evenly allocated so that the requirements for Py
(i-e. Pyjer,reQ) and for Pyper (i.€. Pomer,rREQ) are both equal to 5 x
1077/h.

Using FDE, events of detection with NE result in alerts.
Considering a set of mutually exclusive, exhaustive SO conditions,
Pa1ert can be expressed as

N
Pyjert = Z P(Dy, ExlOy)Po, )
‘=0

where Oy designates the SO hypothesis for satellite subset k=0, 1,
.. N, and N is the total number of possible SO hypotheses. SO
combinations include the outage-free (OF) condition noted O,
single SO, dual SO, and so on. Unlike the satellite failure model,
there is no common cause to result in a constellation outage. So N
only accounts for SO, whereas H in (4) combines satellite and
constellation fault hypotheses. Py, is the prior probability of
occurrence of event ‘O;’, which can be derived from P, [17]. Dy
indicates that detection occurs using SVs available under ‘O,’, and
k=0 denotes that all SVs are available. The event E; means that
NE was achieved under ‘O;’.
Considering all fault hypotheses under each SO scenario, (9)
becomes

N ( Hg
Pyjen = 2 ZP(Dk, EiH;, O¢)Py,|Po, (10)

In (10), the total number of fault hypotheses may vary under
different outage cases ‘Oy’, and is noted ‘H,’ instead of ‘A’ in (4).

This modification applies to all notations in the rest of the paper:
‘h’ becomes ‘hy’, ‘s’ becomes ‘s;’, and so on. Equation (10) can be
rewritten as

P(Dy, EdH,, O)Py,

= Hy ~ P 11
Ften kZ'o + Y P(D EdHL 0)Py)| o
i=1

All the contributions to Py are captured in (11). Fig. 2 shows an
H-ARAIM continuity tree that captures those contributions. Under
fault-free conditions (i = 0), the probability of having a FA but NE
event (Ppang) can be limited by setting detection thresholds. In the
presence of a fault (i # 0), the probability of FD but NE (Pgpng)

can be controlled by setting the exclusion thresholds. These points
are discussed in Section 4.

4 Evaluating FDE threshold

The joint event of FD and NE in (11) can be expressed in
mathematical terms using detection and exclusion test statistics
described in Section 2. This will be relevant in this section for
threshold setting because the test statistic distributions are known
and fully defined. In this section, we present two ways to allocate
Pyjer REQ: cOnsidering equal budget allocation for FANE and FDNE
under all ‘O’ events, or considering a more advanced allocation.

4.1 Equal allocation over SO conditions

Equation (11) can be further bounded considering the following
inequality:

P(DyH,, Op)Ppy,

Palert < U PO (12)
kgo Z (ExlH;, Ox)Pr, + Pxn Faute ‘

In (12), Ay denotes the total number of monitored fault hypotheses
under SO condition ‘O;’. The first two terms inside the parenthesis,
respectively, bound the FANE and FDNE events [18]. As Py, over
all SO events sums up to 1, Pyer reg Will be met if the summation
inside the parenthesis is ensured to be less than Pyen rEQ-
Therefore, Pyer req is further allocated to account for the three
terms in (12). An example allocation used in Section 5 is listed in
Table 1.

Using this approach, the allocated values in Table 1 are
independent of the SO scenario. Therefore, regardless of which
SV(s) is out, a single Prang reqQ-value is needed to compute the
detection threshold, and a single Pgpngrpg-value is used to
compute the exclusion threshold. According to our prior work in
[17], FDE thresholds can be evaluated using the following
equations:

_ PFANEREQ]
T,=Q '\ =2 13
a=9Q lszo-hk (13)
1| PrDNE.REQ
T, =0 I (14)

where T, are detection thresholds for d=1, ... h, T;, are exclusion
thresholds for i=1, ... h, =1, ... h;, and Q"'{ - } is the inverse tail
probability function of the standard normal distribution.

By allocating the same continuity budget to FANE and FDNE
events over all SO conditions, (13) and (14) can directly be applied
to compute FDE thresholds. This approach does not require the
user to monitor the presence of SO. However, this allocation may
result in a large predictive integrity risk because FDE thresholds
under SO condition are as large as the ones under OF condition.
The next approach accounts for prior probabilities Py, in continuity

risk requirement allocation for threshold evaluation.
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Total H-ARAM LOC

Probability P; ¢
SO
\J
Prank|o, PrpnEjo, PranE|oy PrpNE|0)
False Alarm, But Fault Detection, False Alarm, But Fault Detection,
Not Excluded But Not Excluded Not Excluded But Not Excluded
NE Q) NE NE —>§§) NE —&
Pra)0, Prpo, Prajox Prpjo
FA e@ FD FA FD —>§§>
Py,0, Pu; 0, Py,0, Py;,0,
Fault-Free State Fault Occurs Fault-Free State Fault Occurs
P other
All Other
Outage-Free(OF) Condition, O | --- --- Satellite Outages (SO), Oy Causes
Fig. 2 H-ARAIM LOC tree
Table 1 H-ARAIM P, rgq allocation (independent with The first term on the right side of (15), Prangor can be
SO) bounded as
LOC categories Allocated budget
PraNE.REQ 2x10-7/h PpaNE,oF < P(Dy|H,, O0)PyPo, (16)
-7
Prone reo 2x107'/h and the detection threshold under OF condition (7yg,) is
PNM, Fault, REQ 1077/
= P FANE, OF,RE
Taa ="\ g (an
Table 2 H-ARAIM P, rgq allocation (dependent on SO) o
LOC categories Allocated budget The second term on the right side of (15), Prpneor, can be
PRANE, OF, REQ 10~7/h bounded as
PEDNE, OF. REQ 2x1077/h "
0
Prane,so.reQ 1077 PrpNE OF < Z P(E0|Hi, OO)PH,POO (18)
PEDNE, 50,REQ 1077/h i=1

and the exclusion threshold under OF condition (7 0,) is

4.2 Non-equal allocation over SO conditions
o , oo =0 PEDNE, OF. REQ — PNM, FaultPo, 19
The allocated continuity budget can be modified to account for the il10y = 2Py, Poy-ho- % (19)

fact that the user knows when a SO is occurring. The total budget
Pyier rEQ €an be optimally allocated to adjust the tightness of the
FDE thresholds among events ‘O,’, which directly impacts the

The third term on the right side of (15), Prang so, can be bounded

contribution to integrity risk. The optimisation process is not the as
focus of this paper, so it is not described in detail. Instead, an N
example allocation is presented to illustrate the idea, and to make PEANE 5O < Z P(Dy|Ho, O)Py Po (20)
comparisons with the above equal-allocation approach. ' “~ v
The FANE and FDNE events in (11) are, respectively,
expressed under OF (k=0) and SO (k # 0) conditions. Therefore and the detection threshold under SO condition (74|,) is

Pyere = Prang,oF + Prpne,oF + Prane.so + Proneso  (15) PEANE.SO.REQ — PH,PNM.50

— —1
Td‘ok_Q [ 2PH0'P0k'n'hk (21)

Table 2 lists example requirement allocations for all four terms in
(15). FDE thresholds can be obtained by constraining each term to

be smaller than its allocated requirement. These terms are bounded where Pyyso is similar to Pyyraur, Which accounts for the

using the following inequalities, and the derivations for evaluating probability of multiple simultaneously occurring SO; these separate
the thresholds are provided in Appendix. cases of multiple simultaneously occurring SO are considered such
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Only Accounting for Single SV Outage
Accounting for All SO Conditions

— — -H-ARAIM CREQ —

bound

107 . . . .
10 15 20 25 30 35

Number of SVs

Fig. 3 Ppyuna as a function of the SV number

Table 3 H-ARAIM simulation scenarios

Scenarios Values

constellations 24 GPS + 24 Galileo

error model nominal model described in [9]

mask angle 5°

user grid latitude by longitude: 10° x 10°

simulation time period 1 day

time steps 10 min

IreQ 1077/h

Creq 1076/h

HAL RNP 0.1: 0.1 nm (185 m)
RNP 0.3: 0.3 nm (556 m)

Py 10~°

Peonst GPS: 1078/Galileo: 1074

Pou 2x1074

OURA 24m

OURE 2/3 OURA

bnom 0.75m

coverage range worldwide

that Pawm so < Prang so.req- The fourth term on the right side of
(15), PepNE, so, can be bounded as

Hy, i
> P(EH;, 0Py,
i=1

N
PrpNEso < Z Po, (22)

k=1

and the exclusion threshold under SO condition (77 ;0,) is

Tiij0, = Q_][ (23)

PEDNE, 50.REQ — PNM. FaultPNM. SO
2PHi‘P0k'n'hk‘Sk

It is worth noting that, in (22), the sum of products of prior
probabilities of faults and SO is generally very small. Bounding the
inner term P(Ei|H;, Oy) by 1, (22) can be further upper bounded
using the following inequality:

N Hy

PrpNE.so < Z ZPH,PokEPbound (24)
=3ty

If Pyoung is smaller than PrpNg so reQs the continuity requirement
can be met without performing the exclusion function. Therefore, if
a SO occurs, the user receiver only needs to implement the FD
function.

Fig. 3 shows Pyyung as a function of the number of SVs in view.
The blue and green lines, respectively, represent the case of
accounting for all SO conditions versus considering single SV
outages only. Conservative values, which are typically used for

integrity evaluation (P, =2 X 107, Py = 107 and Pypq = 107%)
[21], are used in Fig. 3. When the two solid lines exceed the
requirement PrpNE so,req. the exclusion function is needed after a
SO occurs. But operationally, the risk of LOC may be acceptable
even without exclusion because the lines never significantly exceed
the allocated requirement. This is especially true given that less
conservative fault and SO probabilities — for example, based on
historical data — may be used when computing continuity risk.

Since the last two components of (15) include SO prior
probabilities, the resulting FDE thresholds in (21) and (23) can be
set much tighter than the ones under OF condition, i.e. (17) and
(19). Therefore, their corresponding contributions to the predictive
integrity risk can be significantly reduced. However, comparing to
the equal allocation approach, the thresholds in (17)—(23) are all
dependent on the presence of the SO. Therefore, this approach
requires that the receiver continuously monitors the SO status
during flight. There are operational challenges in determining a SO
condition at the starting point of the operation, in distinguishing SO
from other potential causes of temporary signal loss, and in
identifying times where a satellite that was out is reinstated.
ARAIM navigation performances using both equal and non-equal
allocations are evaluated in the next section.

5 Anticipated H-ARAIM navigation performance
5.1 Predictive integrity risk

To quantify the expected ARAIM navigation performance, an
oftline analysis is usually carried out. To do this, the integrity risk
is predicted prior to the operations. In principle, the predictive
integrity risk PPy needs to characterise all the scenarios that the
user may encounter in real time. However, it is not feasible to
exactly capture the complex and various operational environments
in advance, because the actual satellite geometry may change due
to many factors, such as the aircraft banking. Therefore, the
evaluation of PPyy; depends on the assumptions on the real-time
operations.

This work focuses on addressing the impact of SO on ARAIM,
so the predictive integrity risk will account for the integrity threat
when the user undergoes SO

N
PPyt = Z Pavio, Po, (25)
=0
n
< Z PumijoPo, + Pamiso (26)
=0

As suggested by (25), PPy is a weighted sum of the conditional
integrity risk Ppmrjo, under ‘O . If the ‘equal allocation’ approach

in Section 4.1 is employed, both the detection and exclusion
functions are always implemented regardless of SO. Therefore,
Prwjo, 18 identical to 1Py ppe, Which can be upper bounded using

(7). If the ‘non-equal allocation’ approach is applied, Puwmijo, 1S
either equivalent to IPyygrp Or 1Py rpe, depending on whether
the receiver is implementing exclusion function under ‘Oy’.

5.2 Results

With the theoretical methods being derived in previous sections,
this section demonstrates H-ARAIM navigation performance in
terms of availability of PPy < Irgg. Dual-frequency baseline
GPS/Galileo constellations under nominal simulation conditions
are employed for two intended operations: RNP 0.1 and 0.3. The
almanac files are downloaded from the link in [9] to provide coarse
SV positions, which are sufficient for covariance analysis. The key
simulation parameters, which are modified from [9], are listed in
Table 3.

To be general and rigorous, the method we developed in this
paper captures all the outage scenarios, including dual SO and
multiple SO. However, since SO only impacts continuity, it may
not be necessary to always account for the simultaneous SO on
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Average Availability = 99.98% | Coverage(0.995) = 96.41%

0.95 0.96 0.97 0.98 0.99 1

Fig. 4 H-ARAIM availability of PPy < Igpg for RNP 0.1 without
including the impact of SO

Average Availability = 99.88% | Coverage(0.995) = 84.67%

0.95 0.96 0.97 0.98 0.99 1

Fig. 5 H-ARAIM availability of PPyyy < Igpg for RNP 0.1 when
accounting for single SO (equal allocation)

Average Availability = 99.92% | Coverage(0.995) = 89.96%

0.95 0.96 0.97 0.98 0.99 1

Fig. 6 H-ARAIM availability of PPyy; < Igpg for RNP 0.1 when
accounting for single SO (non-equal allocation)

multiple SVs. Therefore, from the operation perspective, the
impact of single SO is of primary interest. That is why two
analyses are carried out by (i) only accounting for single SV
outages and (ii) rigorously accounting for all the SO modes using
(1D).

Figs. 4-6 present the H-ARAIM availability of PPy < Irgg
under different simulation scenarios. According to Fig. 4, the
nominal H-ARAIM FDE algorithm is achieving 96.31% coverage,
which reflects the fraction of users in the investigated region that
have availability >0.995. Due to impact of SO, the coverage drops
to 84.67% using the ‘equal allocation’ approach introduced in
Section 4.1, and to 89.96% using the ‘non-equal allocation’
approach introduced in Section 4.2.

Table 4 summarises the analyses, and shows coverages for both
RNP 0.1 and 0.3. According to the results, high availability can be
achieved, which implies the SO does not significantly impact the
H-ARAIM navigation performance. As mentioned in prior
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Table 4 H-ARAIM availability coverages
Single SO only, All SO cases, %
0,

%o
RNP 0.1, equal allocation 84.67 81.11
RNP 0.1, non-equal allocation 89.96 88.97
RNP 0.3, equal allocation 94.81 94.39
RNP 0.3, non-equal allocation 95.54 95.24

sections, the performance evaluated using ‘non-equal’ allocation
can be further improved by optimally allocating Pyjer reQ, €VEN

though it may come at a cost of the computational load.

6 Conclusion

This paper evaluates the impact of SO on H-ARAIM). A new
method to quantify the overall continuity risk is derived. The
proposed approach accounts for LOC contributions from both
measurement faults and SOs. A method is given to determine FDE
threshold ensuring that a predefined continuity requirement can be
achieved. Two methods to allocate the continuity budget across SO
scenarios are described. In addition, an integrity risk equation is
derived from capturing the risk of HMI under SO conditions. This
equation was implemented for H-ARAIM coverage performance
prediction. In performance analyses, coverage results obtained
using new method are compared to the ones without accounting for
SO. Results show that SO only cause coverage to decrease by a
small amount, which indicates the H-ARAIM navigation
performance will not be significantly impacted by SO.

7 Acknowledgments

The authors thank the Federal Aviation Administration (FAA) for
sponsoring this work (grant number DTFAWA-16-X-00004).
However, the views and opinions expressed in this paper are those
of the authors and do not necessarily reflect those of any other
organisation or person.

8 References

[1 Pervan, B.: ‘Navigation integrity for aircraft precision landing using the
global positioning system’. PhD. Dissertation, Department of Aeronautics and
Astronautics, Stanford University, Stanford, CA, 1996

[2] Lee, Y.C.: ‘Analysis of range and position comparison methods as a means to
provide GPS integrity in the user receiver’. Proc. of the 42nd Annual Meeting
of The Institute of Navigation, Seattle, WA, 1986, pp. 1-4

3] Parkinson, B.W., Axelrad, P.: ‘Autonomous GPS integrity monitoring using
the pseudorange residual’, Navig., J. Inst. Navig., 1988, 35, (2), pp. 255-274
[4] RTCA Special Committee 159: ‘Minimum operational performance standards

for airborne supplemental navigation equipment using global positioning
system (GPS)’, RTCA/DO-208, July 1991

[5] Joerger, M., Chan, F.-C., Pervan, B.: ‘Solution separation versus residual-
based RAIM’, Navig., J. Inst. Navig., 2014, 61, (4), pp. 273-291

[6] Phase II of the GNSS Evolutionary Architecture Study, February 2010

[7] EU-U.S. Cooperation on Satellite Navigation, Working Group C: ‘ARAIM
technical subgroup interim report’, Issue 1.0, 19 December 2012

[8] Blanch, J., Walter, T., Enge, P, et al: ‘Baseline advanced RAIM user
algorithm and possible improvements’, IEEE Trans. Aerosp. Electron. Syst.,
2015, 51, (1), pp. 713-732

[9] EU-U.S. Cooperation on Satellite Navigation, Working Group C: ‘ARAIM
technical subgroup milestone 3 report’, 25 February 2016

[10] ICAO, Annex 10, aeronautical telecommunications, volume 1 (Radio
Navigation Aids), Amendment 84, published 20 July 2009, effective 19
November 2009

[11] Blanch, J., Walter, T., Enge, P, ef al.: ‘A simple position estimator that
improves advanced RAIM performance’, IEEE Trans. Aerosp. Electron. Syst.,
2015, 51, (3), pp. 2485-2489

[12] Joerger, M., Stevanovic, S., Langel, S., et al.: ‘Integrity risk minimisation in
RAIM part 1: optimal detector design’, J. Navig., 2016, 69, (3), pp. 449467

[13] Joerger, M., Langel, S., Pervan, B.: ‘Integrity risk minimisation in RAIM part
2: optimal estimator design’, J. Navig., 2016, 69, (4), pp. 709-728

[14] Blanch, J., Walter, T., Enge, P.: ‘RAIM with optimal integrity and continuity
allocations under multiple failures’, IEEE Trans. Aerosp. Electron. Syst.,
2009, 46, (3), pp. 1235-1247

[15]  Lee, Y., McLaughlin, M.: ‘Feasibility analysis of RAIM to provide LPV-200
approaches with future GPS’. Proc. of the 20th Int. Technical Meeting of the
Satellite Division of The Institute of Navigation, Fort Worth, TX, September
2007, pp. 2898-2910

[16] Zhai, Y., Joerger, M., Pervan, B.: ‘Continuity and availability in dual-
frequency multi-constellation ARAIM’. Proc. of the 28th Int. Technical



Meeting of The Satellite Division of the Institute of Navigation, Tampa,
Florida, September 2015, pp. 664-674

[17] Zhai, Y., Joerger, M., Pervan, B.: ‘Bounding continuity risk in H-ARAIM
FDE’. Proc. of the ION 2017 Pacific PNT Meeting, Honolulu, Hawaii, May
2017, pp. 20-35

[18] Zhai, Y., Joerger, M., Pervan, B.: ‘Fault exclusion in multi-constellation
global navigation satellite systems’, J. Navig., 2018, 71, (6), pp. 1281-1298,
doi: 10.1017/80373463318000383

[19] Zhai, Y., Joerger, M., Pervan, B.: ‘H-ARAIM exclusion: requirements and
performance’. Proc. of the 29th Int. Technical Meeting of The Satellite
Division of the Institute of Navigation, Portland, Oregon, September 2016,
pp. 1713-1725

[20] RTCA Special Committee 159: ‘Minimum aviation system performance
standards for the local area augmentation system (LAAS)’, RTCA/DO-245,
2004, Appendix D

[21] Walter, T., Blanch, J., Joerger, M., ef al.: ‘Determination of fault probabilities
for ARAIM’. Proc. of IEEE/ION PLANS 2016, Savannah, GA, April 2016,
pp. 451461

[22] Zhai, Y.: ‘Ensuring navigation integrity and continuity using multi-
constellation GNSS’. PhD. Dissertation, Illinois Institute of Technology,
Chicago, IL, 2018

[23] Joerger, M.: ‘ARAIM continuity assertions’, E.U.-U.S. ARAIM Working
Group Report, 2018

[24] FAA-E-2892d, system specification for the wide area augmentation system,
28 March 2012

[25] RTCA Special Committee 159: ‘Minimum operational performance standards
for global positioning system/wide area augmentation system airborne
equipment’. Document No. RTCA/DO-229D, Washington, DC, 2006

[26] Lee, Y., Dyke, VK., Decleene, B., et al.: ‘Summary of RTCA SC-159 GPS
integrity working group activities’, Navig., J. Inst. Navig., 1996, 43, (3), pp.
307-362

[27] Assistant Secretary of Defense for Command, Control, Communications and
Intelligence: ‘Global positioning system standard positioning service
performance standard’. Washington, DC, 2008

[28] Pullen, S., Enge, P.: ‘Using outage history to exclude high-risk satellites from
GBAS corrections’, Navig., J. Inst. Navig., 2013, 60, (1), pp. 41-51

[29] Blanch, J.: ‘Continuity requirements for H-ARAIM and a proposed baseline
approach for exclusion’. Presented to ARAIM Working Group, Toulouse,
April 2017

9 Appendix

This appendix drives the equations to compute the FDE thresholds
when Pyer rpq are non-equally allocated over SO conditions.

Using mathematical terms, (16) is rewritten and bounded by

ho
PraNE OF < P U |94l > Taj0,l Ho» Os|Pri,Po, (27
=1
o
< Y P(gd > Tajo, | Ho» O0)Pp,Po, (28)

By limiting equation (28) using the Prang or req in Table 2, the
detection threshold under OF condition (T ¢,) can be computed

_ 1| PFANE.OF.REQ
Taj0,=Q [m (29)

PgpNE oF, Which is shown in (18), can be further bounded by

PrpNE.oF — PNM. FaultPo,

o hy
< ZP ﬂ(U|11el|>Teloo)|Hn O, |PH; Po,

i=1 \e=1\I=1

(30)

So

o
< )P U lgid > Ti110)H: Oo|Pr, Po, 31)
i=1 [=1

||Mg

50
Z (I > T:.110)/H:» Oo)Pr, Po, (32)

The bound used in the transition from equation (30) to (31) is
worth clarifying, where only one exclusion option, associated with
the correct fault hypothesis is considered, that is, e=i. Since the
actual fault is excluded, the exclusion statistics in equations (31)
and (32) are FF. In this work, we use an even allocation of
PFDNE, OF,REQ — PNM,FaullPOQ over all the hypotheses. Therefore

PEDNE, OF. REQ — PNM. FaultPo,
2Py, Poy - ho - 5o

Ti110,= Q"' (33)

A similar approach to OF case can be applied to compute FDE
thresholds after a SO has occurred, except the prior probabilities of
SO are much smaller than Py, Prangso can be rewritten and

bounded as

Prane so — Pr, P so

5o (34
< Z P U |94l > Ta0/Ho, Ox|PryPo,
k=1 =1
n Iy
< Y > Pad > Tajo, IHo O)Py,Po, (35)
k=1d=1

By limiting equation (35) using PranE so.rReQ — Pr,Pnmsos Tajo,
can be solved

PrANE, s0,.REQ — Pr,PNM.s0
Al .SO, [ .
Td|0k - Q [ 2PH0 . POk n- hk (36)
Finally, PrpNE,so is further bounded as follows:
PepNE so — Pam, FaultPNM SO
(37)

3
< i ZP ﬂ (U |ge.1 > Telok)lHu Oy |PuPo,

k=1i=1 \e=1\l=1

n k Sk
Z 2 (U g > Tiii0/H: Ok)PH,POA (38)

i=1 =1

=

by sk
< 20 Y Pgid > Tiijo, 1Hi O)PyPo, (39)
k=1li=1[l=1

Therefore, the exclusion thresholds under SO conditions T ; o, can
be computed

P, - P P,
: _ 1| T FDNE,SO,REQ — £'NM, Fault NM,SO
Tii0,=0Q ’ P P n Iy s (40)
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