Chapter 12: Advanced RAIM

Introduction

GNSS is currently undergoing major upgrades: new constellations are being launched (Galileo and
Beidou) and expected to be fully operational by 2025. GPS and the new constellations will have
signals in both L1 and LS, allowing users to remove the ionospheric delay affecting the
pseudorange errors. Finally, improvements in both the on-board clocks and the ground segments
are reducing the errors due to clock and ephemeris to standard deviations below a meter (at least
for GPS). As a consequence, users will have more accurate pseudoranges, stronger geometries,
and much more redundancy. RAIM, as described in Chapter XX, performance is a direct function
of the satellite geometry-and the expected accuracy of the pseudorange measurements. This has
naturally led to consider the use of new signals and new constellations in RAIM, with the hope

that it could provide enhanced horizontal guidance, and even vertical guidance.

RAIM algorithms used in aviation today were designed: first, for GPS L1 C/A only, second, for
horizontal guidance only. On the first point, these algorithms make assumptions on the signals
that may not be adequate with for new constellations. For example, RAIM algorithms protect
users against single faults only. With up to thirty satellites in view, the single fault assumption
may not hold anymore, especially if new constellations turn out to have large probabilities of fault.
On the second point, assumptions that may have been good for horizontal guidance will not

necessarily be sufficient for vertical guidance, which has a higher criticality (see Appendix).



Because of these necessary updates, this envisioned extension of RAIM is known as Advanced
RAIM. Note that there is some ambiguity in the literature in the use of the term ARAIM: it can
either designate the system architecture enabling the use of new signals for aviation where the user
exploits redundancy, or a type of user algorithms that exploits redundancy in a way that is more
general than currently used RAIM algorithms (and can be used in many more settings). In this

chapter we discuss both meanings of Advanced RAIM.

We start by asking ourselves what we need from the system, so in the first section we will describe
navigation requirements for vertical guidance, in particular the integrity requirements. Once we
know what we want, we need to get acquainted with out we fear, that is, what is that could make
the navigation larger than we wantit. This, of course; is the list of error sources, both nominal and
faulted. The result of this section will be a parametrization of the threat model that can be used by
the user receiver to assess whether the requirements are met. In the third section we will turn our
attention on the user algorithm. The goal here will be twofold: first, to describe the principle of
RAIM as simply as possible, and then to provide readers with a baseline ARAIM user algorithm
that offers very good performance while remaining practical. In section 4, we will describe the
how to apply this generic algorithm in the ARAIM concept. Finally, the last section will deal with

the most critical part of ARAIM, which is the determination of the threat model parameters.

This chapter is based on the references [].



1. Requirements

The first question we need to ask ourselves is what we want. One of the most critical steps in the
design of ARAIM is to have a clear and practical formulation of the navigation requirements. Here
we will focus on the main goal of ARAIM for aviation, which is to provide worldwide vertical
guidance. The ICAO International Civil Aviation Organization (ICAO) GNSS standards and
recommended practices (SARPs) contained in [3], which describes the navigation requirements
for radio navigation aids, constitute the basis for these tequirements. These requirements were
specifically derived for SBAS, and based on SBAS performance, so there is some uncertainty on
how to apply them to a new system like ARAIM. However, thisuncertainty will most likely only

affect the particular numerical values, not the formulation of the requirements.

1.1 Integrity, Alert Limits, and Protection Levels

In order to formulate the integrity requirement, we must first define the Probability of Hazardously
Misleading Information (PHMI) (also called itegrity risk (IR)). The PHMI is the probability that
the position error exceeds the Alert Limit (AL) and there is no timely alert, that is, within the Time-
to-Alert (TTA). The integrity requirement states that the PHMI should be below a predefined
value. For example, for LPV-200 operations, the Vertical Alert Limit is 35 m, The Horizontal
Alert Limit is 40 m, the TTA is 6 s, and the PHMI should be below 2 x 10”7 per approach [8]. If

we ignore the TTA, the integrity requirement can be written as follows:
Prob((VPE > VAL or HPE > HAL) and (No Alert))<2*107 / approach (1)

where VPE is the Vertical Position Error and HPE is the Horizontal Position Error.



It is also possible, and practical, to formulate the integrity requirement using the Protection Levels
(PLs). The Vertical Protection Level (VPL) and the Horizontal Protection Level (HPL) are defined

such that we have:
Prob ((V'PE > VPL or HPE > HPL) and (No Alert))<2*107' / approach ()

As a consequence, if we have VPL<VAL, and HPL<HAL, the requirement formulated in (1) will
be met. One may wonder why we would ever use PLs instead the PHMI. One of the advantages
is that receivers that output PLs do not need to be aware of the Alert Limit, which may vary
depending on the operation. Another, more subtle reason, is due to the differences in treatment of

continuity compared to integrity.

1.2 Continuity

We start by citing the definition of continuity given in [MOPS229]: “The continuity of a system
is the ability of the total system (comprising all elements necessary to maintain aircraft position
within the defined airspace) to perform its function without interruption during the intended
operation. More specifically, continuity is the probability that the specified system performance
will be maintained for the duration of a phase of operation, presuming that the system was available
at the beginning of that phase of operation, and predicted to exist throughout the operation.” The

continuity requirement varies depending on the operation.

As an important example, the ICAO continuity requirement for CAT I (and LPV-200) is 8x10¢
per 15-second interval, which applies to losses of service from all causes, including those external

to the receiver processing [3]. For ARAIM it means that the thresholds used to determine



availability should not trip at a higher rate than a fraction of this requirement. In [6], it was
assumed that the required probability for the airborne algorithm was half of that of the ICAO

requirement, that is, 4x10° per 15-sec interval.
q p

1.3 Accuracy

In addition to the integrity and continuity requirement, we.also want the position error to be mostly
close to zero. Since this is not expressed explicitly in the integrity requirement, we need an
additional requirement constraint in the distribution of position errors. For Cat. I and LPV-200,
the accuracy requirement is that the 95% bound on the vertical position error must be below 4 m
for any given geometry. Most positioning algorithms are locally linear so the formula for the
standard deviation of the error for a given geometry 1s straightforward, since it uses the nominal

distribution of errors, which is supposed be known (more on this later).

2. Threat model

In this section we want to answer the question: what do we fear? This is the set of events that
could affect our assessment of the requirements formulated in the first section. This set is called
the threat model ot list of feared events, and has been presented in Chapter YY(SBAS). What is
important for ARAIM (at least for aviation users) is that the threat model can be partitioned in

three categories: nominal errors, narrow faults, and wide faults.



2.1 Nominal errors

The nominal errors are such that they can be characterized by known probability distributions.
They are not necessarily present, but they are assumed to be always present. These include both
errors due to the signal in space (clock and ephemeris, nominal signal deformation, etc),
propagation errors (residual tropospheric delay, residual ionospheric delay), and local effects
(multipath and receiver noise). They are almost always characterized by a gaussian distribution

with an unknown, but bounded bias.

2.2 Narrow faults

For the other two categories, it is not practical to characterize them by a known distribution, as it
would result in extremely wide distributions that lead to useless position error bounds. Of these
two categories, narrow faults are the faults that affect satellites independently. The best example
of a narrow fault is a clock run-off, because it is assumed that the occurrence of a clock run off
will not impact the probability of clock run off in another satellite. In general, faults due to satellite
malfunctions are considered to be narrow faults. For clock and ephemeris faults, it is necessary to

determine the root cause of the fault before classifying it as a narrow fault.

2.3 Wide faults

These are the faults that can affect more than two satellites simultaneously in one constellation
(where we defined the constellation is a system of satellites run by the same ground segment, like
GPS, Galileo, GLONASS or BeiDou). Wide faults are the category of faults that is the most
problematic in RAIM. This is because in the worst case they can produce errors (within one

constellation) that are compatible with an arbitrary shift in user position. These errors produce



measurements that are faulty, but self-consistent, which makes them undetectable to a redundancy
check. Luckily, wide faults across constellations have been deemed sufficiently unlikely to be

neglected in aviation applications.

Wide faults have been observed in two instances in GLONASS. In one case, the fault was due to
the successive adjustment of the clock reference, which caused the constellation to have some
satellites on one reference and the remaining ones on another one [reference]. Another likely
mechanism for these faults, is the corruption of the Earth Orientation Parameters, which are

common to all satellites [reference].

2.4 Mapping the threat model on the Integrity Support Message

In the ARAIM concept, the threat model information is encapsulated in the ISM. For this purpose,
these categories are-concisely characterized asillustrated in Table 2.1. Narrow faults are
characterized by P, the probability that satellite i has a fault during the operation. Wide faults
are characterized by P.onsj, the probability that constellation j has a fault during the operation.
The errors due to the nominal signal in space are characterized by the standard deviation oyr4,;and
the nominal bias b,.n;. These parameters constitute the Integrity Support Message (ISM) (or at
least can be derived from the information contained in the ISM). In the current concept [ref],

our4,i Will be a multiple of the broadcast URA, that is, the ISM will include a factor a such that:

O-URAJ = aO_Broadcast_URA S (3)



Table 2.1 also shows the error models characterizing the nominal errors due to the residual
tropospheric delay (6spo,i)) and the receiver noise and multipath (Gairbornei). For single frequency

users, we would add the residual ionospheric delay error model (Giono,i).

I Narrow fault [ Wide fault \

D

Nominal

Clockand Ephemeris

Signal Deformation

Code-Carrier
Incoherence
Interfrequency Biases

Satellite Antenna Bias

lonosphere
Troposphere
. oltropo,i
Receiver Noise and o
Multipath airborne,i

Our goal in this sectio 0 provide a baseline algorithm for Advanced RAIM that is both easy to
implement and for which there is a straightforward integrity analysis. In order to focus on the

most important elements, we have simplified several assumptions. In particular, we will only deal

with one coordinate, and we will do away with the nominal biases. In the last section, we will



indicate how to account for these assumptions. We start this section with a simple example that

illustrates the main ideas of RAIM algorithms.

3.1 Main idea in RAIM algorithms

The core idea in autonomous integrity monitoring is to make sute that the measurement residuals
(the difference between the measurements and the pseudoranges that would be expected at the
position solution) are consistent. To illustrate this idea, let us consider a simplified set of

measurements:
Yy =x+n (4)
where:
yi are scalar measurements
x is the unknown position (one scalar) which we wish to determine

ni 1s the noise affecting each of the measurements i

Letus assume that we have two such measurements (i=1,2), and that we know that when the errors

are nominal (that is, when there is no fault), they follow a unit normal distribution:

n, ~N(O,l) 5)

If the errors are nominal, the best estimate of the position is given by the least squares solution,

which in this case is simply the average of the two measurements:

1
X—E(yﬁ'yz) 6)



Let us now assume that we have the following measurements:
=0, y,=10 (7
The least squares estimate would be:
X =3 (8)

However, the error in this estimate probably exceeds what would be expected if the errors were
nominal, because the measurements are not consistent: It is likely that there is a fault in at least
one of the measurements, as we would not expect the difference between these two measurements

to be so large when the errors are nominal. More precisely, we can form the statistic:

7505_M) 9)

This statistic is independent of the true position x, andif the errors were nominal, we would expect

it to follow a unit normal distribution. Under nominal conditions, a reading of:

1
tz_(Yz_yl)N7 (10)
V2
would therefore be very unlikely. Intuitively, it would make sense to place a threshold on this
statistic and declare that there is a fault if the statistic exceeds the threshold. RAIM is based on

this idea.

This simple example also illustrates some of the most important features of RAIM (and of any
detection algorithm). The first one is the tradeoff between the loss of integrity risk and the false
alert rate. If we make the threshold small, then we will be able to detect smaller faults. However,

we will also increase the chance of exceeding the threshold under nominal conditions. The second



one is the fact that any redundancy check relies on prior assumptions on the fault probabilities.
For example, if both measurements were faulted simultaneously and with the same bias in each
measurement, the test statistic distribution would be the same as in the nominal case, and therefore

the fault would be undetectable.

We now generalize these ideas.

3.2 Measurement model

We will use the linear model for position estimation as described.in [EngeMisra]. It is given by

the linear relationship:

y=Gx+n (11)

where

v is the vector of linearized GNSS measurements. In most cases, it will refer to the carrier-

smoothed code [reference] using the ionospherie free combination.
G is the geometry matrix [reference]

x is the vector representing the position and the clock states of a user. In most cases, it will refer

to the position and clock states at the time of the measurement.
n is the vector representing the noise affecting the measurements

This model is very general, since the vector of measurements y can include measurements made

at different time steps.



3.3 Pseudorange Error Model
Nominal error model

It is practical to characterize the nominal pseudorange error by a zero mean Gaussian distribution.
Although the actual distributions are not necessarily Gaussian distributions, we assume that one
can always find a Gaussian distribution that is an upper bound (in a certain sense) of the actual

distribution [reference overbounding]. For the nominal case, we then have:

n~N(O,C) (12)

where C is the covariance of . In aviation, this covariance is usually diagonal, but the algorithms

described below do not require it.

Fault error model

The faults can be modeled by the addition of a new state to the nominal model. Each fault mode
(or hypothesis) Hy is characterized by a known matrix F; and an unknown state xzuix. Under

hypothesis Hi, the measurement model is given by:

Y=Gx+FXp,, +n (13)

For example, for a single satellite fault, /% is a column vector with a one in the index corresponding

to the satellite assumed to be affected and zeros elsewhere, and X1« is the magnitude of the fault.

It is essential that the set of hypothesis Hi (plus the nominal mode Hy) form a partition, that is, the
error model follows one of the states in Equation (13) and only one. This is not a limitation, it

only means that if faults occur simultaneously, a new hypothesis needs to be created and accounted



for separately. Each fault mode & has a known prior probability pi. If we note pythe nominal error

model, we have:
2. p =1 (14)

In the paragraph will outline methodologies to determine the prior probabilities px based on the

properties of the constellations in the ARAIM architecture.

3.4 Integrity requirement for fault detection

The main objective of the integrity monitor is to make sure that the probability that the position
error exceeds a certain limit (the Vertical Alert Limit (VAL) for the vertical coordinate and the
Horizontal Alert Limit (HAL) for the horizontal coordinates) and there is no alert is below the
allowed Probability of Hazardously Misleading Information (Pumr). The design of the RAIM
algorithm consists in deciding two elements: which position fix X to choose, and when to declare
an alert as a function of the measurements. Deciding when to declare an alert is equivalent to the
determination of a region R (in the multidimensional vector space of measurements) where the
measurements are deemed to be consistent. We can then formulate the integrity requirement as

follows:

P(|x,—%,| = VAL,

x,—%|>HAL,y eR)<P,, (15)

where:
X is the position and clock solution

|| designates the L, norm (absolute value in the case of a scalar)



-, designates the two components of the horizontal position
-, designates the vertical component:
x,=e x (16)

Where the vector e, extracts the vertical component. For exampleif the vertical component is on

the third component and x has four components:
e,=[0 0.1 0] (17)

For the description of the algorithm, we will limit the itegrity requirement to the one component

of the error:

P(|xv —X,

>VAL,y€R)< P, (18)

A straightforward generalization to the horizontal error can be found here [ARAIM report
reference]. It is important to point out that Equation (15) expresses an instantaneous requirement
(as opposed to the requirement as described in section 1.1). For many applications, it is adequate
to use the value per operation for the instantaneous requirement (like in vertical guidance

[reference]).

3.5 Continuity requirement

One of the causes for loss of continuity is the declaration of an alert under nominal conditions.

This can be expressed by the following equation:

P(y¢R|H,)<P,, (19)



As for the integrity, this is now an instantaneous requirement.

3.6 Position solution

The position solution as described in [EngeMisra] is, locally, a linear estimate of the

measurements. That is, we can write:
x=38y (20)

For the least squares estimate, S is given by:
S =(6"wG) G'w Q1)

We will seen later that the least squares estimate is not the only possible position solution choice,

and that for ARAIM it does not necessarily provide the best performance.

3.7 Determination of the detection region R

Ideally, we would like to find an optimal detection region in the sense that it provides the smallest
integrity risk for a fixed false alert. That is, we would like to have a region R that solves the

minimization problem:

minimize P(|x, - £,|2 VAL, y € R)

(22)
such that P(y ¢ R|H,) = P,,

This is in general a very difficult problem to solve, and this difficulty accounts partly for the variety
of RAIM approaches. To obtain a practical algorithm, the detection region must be such that it

can be easily described (so that the test statistic is easy to compute), and that leads to a simple



expression of the integrity risk (or an upper bound on the integrity risk). There are at least two
type of test statistics (or equivalently, detection regions) that have been extensively used in RAIM:
the weighted sum of squared residuals and the solution separation statistics. The solution
separation statistic was chosen to form the basis of the reference algorithm for ARAIM to evaluate
the concepts developed in [ARAIM reports]. This approach was chosen because it is relatively
simple, it is robust (to the error models), provides good performance, and it has optimality

properties. For this reason, this is the one that we will deseribe.

Contribution of each fault mode to the integrity risk

By applying the chain rule of probability to the integrity requirement, we get:

(

iP(|xV —%,|2VAL,y eR|H,)p,
k=0

a

X, —X,

v

>VAL,y €R)
(23)

Each one of these terms depends on a state xu..x, Which according to our model, can take any

value: For this reason, to compute the worst case integrity risk, we write:

P(|xv —fcv| >VAL,y <R | Hk) :maxP(|xv —fcv| >VAL,yeR|H, ,x (24)

Sault k )
x_/(m[r,k

Subset solutions

Let us now consider fcgk), the least squares position solution that is not affected by fault H;. To do

this, we solve the least squares problem defined by Equation (13), which estimates the fault

parameter Xzui« in addition to the position and clock.



In many practical cases, the matrix F defines a fault in a subset of satellites where each new state

. . . ~(k). .
is an added bias in one satellite. In this case, it can be shown that i )1s the least squares solution

corresponding to the subset of measurements that is not affected by the fault:

= (6TwG) 6Tty
(25)

where

ww —o . .
ii if measurement i is affected by the fault

(k) _
i =W otherwise (26)

Solution separation statistics

Since fcgk) is not affected by fault &, a fault will cause our all-in-view position x,to diverge from

our fault tolerant position #*). To monitor the presence of the fault £, it is therefore reasonable to

v
make sure that our all-in-view solution x, is close to fcgk), the position solution that is not affected by

the fault. This is exactly what we did in our simple example in paragraph 3.1. Now, if we consider all the

fault modes, the detection region is then defined by:

R:{y|‘£v—;€£")‘sﬂ for all k} o)

where T are the detection thresholds (and we will be defined later).

Not only is it reasonable, but it turns out that in the case of one fault and when the all-in-view

solution is given by (21), this is the best possible test, in the sense that it minimizes integrity for a



given false alert requirement, that is, it is the exact solution of the problem (22)

[referenceOptimaldetection]. Also, in all cases, the best estimate of the position error under the

assumption of Hj is the difference between fand £*) [reference ARAIM algorithm].
p

To make the dependency on the measurements y explicity, we can write:
R= { Yl ‘(sf —~ SVTUf)) y‘ <T, forall k} (28)

Where:
st ® =’ s (29)

At this point, Equation(28) only defines a class of regions R, as we have not mentioned yet how to

choose the thresholds 7.

3.8 Determination of the solution separation thresholds 7%

The thresholds 7; must be set to meet the false alert requirement (Equation (19)). To do this, we
exploit the fact that, under nominal conditions, the distribution of each of the solution separation

statistics is known, because we have:

(SVT - SVT(k) )y = (SVT —svT(k))n (30)
Therefore:

(SVT —svT(k))y ~ N(O, ot ) (31)

V,88

where:



oﬁﬁl = \/(SVT - SVT(k) ) C(SV —sik)) (32)

As a consequence, the probability that one of the solution statistics exceeds the threshold under

nominal conditions is given by:

ss,k

P(‘(sf _SVT(M)y‘ > Tk) - ZQ[ %) J (33)

Now, using the property that the probability of at least one event out of a set of events is bounded

by the sum of the probabilities of each of the events, the false alert probability is bounded as

follows:
K
P(y ZR| HO) = P(kkJ(‘(svT —Sf(k))y‘ > Tk)) < P(KSVT —Sf(k))y‘ > Tk)
- (34)
S T,
=2y Q{O_(k) }
k=1 ss,k
Where:

Q is the right hand side cdf of a normal standard distribution.

Equation (34) imposes a constraint on the choice of the thresholds 7. A simple choice (and often
sufficient [reference RAIM int and cont]) is to distribute the false alert evenly across the K

hypotheses:

-1 Pfa
I,=0 3K (35)

3.9 Integrity Equation



At this point, we have defined the detection region, but we have not shown yet how to evaluate the
integrity risk. The integrity equation will be derived directly from the integrity requirement
expressed in Equation (23). Given the definition of the region R, the following inclusion is always

true for any £:

5, -3 £ Tk} (36)

v

Rc{y|

As a consequence, the contribution to the integrity risk of each hypothesis Hi (Equation (24)) can

be bounded as follows:

(k)

v

max P(jx, ~%| 2 VAL, y € R|H,,x,,,, ) < maxP(|xv —%[2raL
X fault

X fault k

X, —X,|<T, ‘Hk"xﬁmlt,k)(37)

In the case where the position solution is computed using the least squares solution (Equation (21)
), it is possible, and even practical, to compute numerically the left side of the above inequality
[refARAIM2012]. However, this formula relies on the independence of the position estimation
error and the test statistic, which is difficult to guarantee when the error distributions do not strictly

follow the Gaussian assumptions.

Simple upper bound of integrity risk

A simpler and more robust approach (in the sense that it is more robust to the error model) can be
obtained by removing the dependency on the fault parameter xs.i.« [refARAIM2012]. Specifically,

we have:

maxP(|xv - )ev| >VAL,|X, _)Afik) <T,| Hk’x_ﬁzult,k ) <
X it (38)

P(x,~#) 2VAL=T, | H, )+ P(x,~ %, 2 VAL| H,)




This inequality (shown [ARAIM algorithm reference]) simplifies the integrity calculation, because
the distribution of the random variable x, — fcik)is known (it is independent of the fault state), more

precisely:

X —fcik) ~ N(O, O'(k)) (39)
Where:

o\ & sEk)TCsEk) (40)
Again, the key property here is that this distribution holds even in-the case of fault hypothesis Hj,

As a consequence, we have:

(41)

P(x, ~#)> vaL =T, | H, ) =Q(%J

e

v

Finally, a practical upper bound of the loss of integrity risk is given by:
VAL | & VAL -T, VAL
(|x —X | >VAL,y e R) < 2pOQ[ 0 j—’_Z(Q(TkJ—FQ(WJka
y k=1 o, o,
(42)
VAL o VAL T,

where Q is the right hand side edf of a unit Gaussian:

2

e 2du (43)

0= 4=

3.10 Protection level equation



From the integrity equation, we can deduce a formula for a valid Protection Level. If we go back
to section 1.1, the Protection Level is defined as an Alert Limit that exactly meets the integrity

requirement. That is:

VPL X VPL—-T,
20 {T)] + ZQLTk}k =T “44)
O O

This formula is the perhaps the most important in this chapter, because it concisely integrates all
the elements of ARAIM: the threat model (through the probabilities px), the nominal error model
(through the sigmas), the false alert (through the thresholds), and the integrity requirement

(through the Puwmn).

Another interpretation of the PL

We have defined the PL as the AL for which the integrity is exactly met. After extending its
definition, we provide another interpretation of the PL, which turns out to be convenient. If the
test statistics are below the thresholds 7%, then the PL is defined by Equation (44), if not, then the
PL is set to +00. With this definition, the PL is dependent on the actual measurements, and it has

the following property:

P(jx,—%,|=PL(y))<P, (45)

— ~ HMI

In this form, the test results are integrated in the PL definition. This interpretation of the PL turns

out to be useful when defining exclusion algorithms [reference ARAIM ADD online].



3.11 Exclusion

in an ARAIM algorithm consists in finding a set of measurements for which the test statistics pass
[references]. The receiver can then output the Protection Level corresponding to this set. It is
however important to keep in mind that the integrity risk available must be shared across all the
possible exclusion options [references]. The allocation of this integrity risk is very dependent on

the assumptions on the causes of loss of continuity.

3.12 Interpretation of the PL equation

In addition to being practical, the PL equation (44) has a simple interpretation. Let us consider

one term in the summation:
VPL—-T
0 [TkJ (46)
GV

This is the probability that the position error of a subset position solution located 7} from our all-
in-view position will exceed the VPL. In other words, the PL tracks the subset solutions and adds

an integrity margin that is dependent on the prior probability px.

In fact, it is possible to formulate a measurement dependent PL (in the sense described in 3.11)

that does not use thresholds [references].

3.13 Error model refinements and resulting modified integrity equation

Nominal biases



To account for unknown, but bounded, biases, it is possible to add a bias to this distribution and
assert that the norm of the bias is bounded by a known maximum value. This modifies the PL
equation as described in [reference]. This is actually one of the advantages of solution separation

over using the sum of squared residuals.

Integrity error models vs accuracy error models

In addition, it is useful to have two error models for each pseudorange: a conservative one and a
realistic one. As discussed in [5] the different requirements target different probability levels and
different levels of hazard severity. For this reason, there are at two different pseudorange error
models. One error model, which will be labeled the integrity nominal error model, is applied for
the requirements that are in the Hazardous category. This error model is only used in the PL terms

that guarantee the integrity of the error bound.

The other error model;” which is labeled the accuracy nominal error model, is applied in the
requirements that are in the Major category (which require less scrutiny). This error model is used
to compute the terms in the PL that only affect continuity (the false alert rate), the EMT
requirement, and the accuracy. Both error models are characterized by a Gaussian overbound with
a maximum nominal bias. For a given geometry, the covariance of the measurements will be
designated by Ciy for the integrity error model and by Cac. for the accuracy error model. Both
covariances are usually diagonal, and the formulas to compute each term is given in [2]: they
include the nominal satellite clock and ephemeris error, the tropospheric delay error, and the code

noise and multipath error. The maximum biases are designated by by and bacc respectively.

4. User Algorithm in the ARAIM concept



In section 3 we have presented a generic Advanced RAIM algorithm that can be used for many
applications. The description above assumes for example that we know how to compute the
probabilities px and the covariance C. In this section we bridge this gap by explaining first how to
form the nominal covariance and then how to derive the probabilities pi from the ISM parameters

Py and Peonst.

4.1 Nominal covariance

The covariance C includes the effect of the nominal errors: clock and ephemeris error, multipath
and receiver noise, residual tropospheric delay, (and residual ionospheric delay in the case of single

frequency). Since these errors are independent, we can write:

s\ _ 2 2 2
C(l’ l) - o-URA,i + O-tropo,i + O-airborne,i (47)
Where:
O, 1 the standard deviation of the clock and ephemeris error

2
Oirapoijs the standard deviation of the residual tropospheric delay

2
Pweriincludes the effect of the multipath and the receiver noise

For single frequency GPS aviation users, these errors are well understood and the corresponding
error models have been used for several years. For LS5 signals and other constellations, they are

still being developed for L5 [ref ARAIM report].



4.2 Fault modes

The ISM provides:

- Psa,i : probability of a fault on satellite i

- Peonsi; : probability a fault affecting two or more satellites within a constellation j

In addition we define:

- Ny : number of satellites in view

- Neonsr: number of constellations in.view

Throughout this section, “satellites in view” and ‘‘all-in-view” will refer to all the satellites that are
selected by the receiver given its limitations, the ISM, and any additional constraints (like the

approval of GNSS elements by States).

The Nyur + Neonst Single fault events characterized by the ISM should be treated as independent
events. In particular, they are not exclusive. Therefore, in the integrity risk assessment, the

probability of having simultaneous faults must be accounted.



This assessment should be done by considering the set of jointly exhaustive and mutually exclusive
fault modes indexed by k, (where k=0 will refer to the fault free mode) formed of all the possible
combinations of the events specified in the ISM, of which there are 2Vs@*Neonst (the number of

subsets in a set of size Nyar T Neonst). To lighten the notations, we define:

]Devent,i = sat,i
Pevent,Nsat-%—j = const, j
Nevents = Nsat + Nconst (48)

For example, k=1 could refer to a fault in satellite 1, and no fault in the other satellites or
constellations. The probability of fault mode 1 would be given by:

sat,l (1 - ])sat,i )ﬁ (1 - I)const,j )

i=2 Jj=1 ( 49)

More generally, the probability of fault mode & is given by:

N,

events

P jait ke = H Qf;;l,i (1_ P, )psiﬁ
i (50)

where B, is equal to one if event i is in fault mode k and zero otherwise. As will be seen in the

reference algorithm in section 4.3, it is not necessary to compute all fault modes.



For the integrity risk computation, it should be assumed that a fault is the addition of an arbitrary
bias to the affected satellite, or an arbitrary vector of biases in a group of satellites within a given

constellation.

4.3 Subset fault selection

The ISM does not specify explicitly which fault modes need to be monitored or their corresponding
prior probabilities. This determination must be made by the receiver based on the contents of the

ISM, which specifies the probabilities of events that can be treated as independent.

This paragraph provides a method to establish a list of event combinations (the fault modes) to be
monitored. The objective is to make sure that the sum of the probabilities of the modes that are
not monitored do not exceed a pre-defined fraction of the total integrity budget (Ptures). The list
of fault modes that need to be monitored described here is only sufficient (there could be shorter
lists that also meet the integrity requirements). The approach consists on moving fault modes from
the list of not-monitored to the monitored list one by one until the remaining modes have a total

probability below a pre-defined threshold. We want:

Z P iy = Brores

k not monitored (5 1 )

This approach is practical because we know that the sum of all the probabilities is one:

2 Nevents

Z pﬂmlt,k :1
= (52)



The condition expressed in Equation (51) can therefore be written:

Z P fain i 21— Fypeg
k monitored (53)

This way, it is only necessary to compute the probabilities (using Equation(49)) of the modes

that will be monitored. We then need to decide the order.in which-the faults are considered.

The order is defined as follows:
* From smallest degree to larger
* Within one degree, from larger to smaller pgaui i

where the degree is the number of primary events forming the composite fault mode. If a fault
cannot be monitored, it is not included in the list of fault modes and we move to the next one.
Each fault mode £ is characterized by the set of indices corresponding to the measurements that
are not affected by the fault, which will be noted idx;. The set idxy corresponds to the full set of

indices.

The integrity risk from the fault modes that are not monitored is bounded by Bt o monitored |

which is defined as:



P_ﬁzuh‘,not monitored Z p_ﬁzult,k
k not monitored (54)

Fault consolidation

After establishing the initial list above, the algorithm consolidates multiple satellite faults from
the same constellation with the constellation wide fault. This is done as follows: for each
constellation j, we note 4; the fault mode corresponding to the fault of constellation j only, and C;
the set of fault modes that are formed of satellite faults included in constellation j (and included

in the list established above). If the following inequality holds:

Z P roti sk = K c P fauin i,
keC, (55)

where Fc is a fraction of 1, the fault modes in Cj are removed from the list and the probability of

faultmode £; is updated as follows:

(updated )

P i, = P auir i, + Z P fauin
keCj (56)

Filtering the subsets



Among the subset faults determined in the previous section, there could be some that cannot be
monitored (because the remaining satellites do not allow the receiver to compute a position). In
this case, these events must be removed from the list of faults (and their integrity risk subtracted
from the available budget). This is true, for example, of all subsets with three satellites or less
belonging to one constellation, or four satellites or less belonging totwo constellations. We note
Punobservabie their total probability and therefore an upper bound on their contribution to the integrity

risk. An upper bound on the total integrity risk of the modes that are not monitored is given by:

P

Sault,not monitored = fault,not monitored + Rmnbservable ( 5 7 )

Once we have determined the list of fault modes to be monitored and their associated probabilities
Pk, we can apply the algorithm as described in section 3. However, we must make sure that we
adjust the integrity budget, since we have already used part of it to account for the modes that are

not monitored.

S. Determination and broadcast of the threat model parameters (ISM)

As we can see in Equation (44), the Protection Levels (or equivalently, the integrity risk within the
Alert Limit) will be directly dependent on the threat model parameters (which are encoded in the
ISM. Both the integrity and continuity will therefore be only maintained if these parameters
describe the properties of the signals accurately (or at least conservatively). The source of the
ISM, its latency, and the broadcast method have been under discussion for several years. Initially,

the ISM was seen as a way for the ANSP to modify the characterization provided by the CSP



[reference critical elements]. In the current projected architecture, at least for horizontal guidance,
each CSP (or a closely associated entity) determine the ISM according to the standards set by
ICAO. This makes sense because it is extremely difficult for an outside entity to make assumptions
on the future performance of a constellation. In this section we examine the different elements
that will help determine the content of the ISM: service history, performance commitments, and

offline monitoring.

5.1 Service history

For a core constellation to be included in the ARAIM position solution, it would be essential that
a good service history has been demonstrated. Any event that could have caused serious integrity
risk in an ARAIM user would cause a constellation not to-be deemed suitable for ARAIM, and
therefore not included in the ISM. Trust in the constellations included in ARAIM would be partly
acquired through the analysis of service history. For this reason, service history should be
documented to a much more precise and unambiguous extent than today. For example, there are
still faults that are not verified, there are gaps in the pseudorange measurements, and signal
deformation effects should be quantified further in the standalone case (and for dual frequency
users). [tis worthwhile mentioning here that one of the most important pieces in the approval of

WAAS LPV-200 operations was the analysis of service history over three years.

5.2 Performance commitments

Performance commitments are essential because even if stationarity were assumed in the fault

statistics, the service history would not be sufficient to guarantee low bounds on the prior



probabilities. A constellation could only be included in the ARAIM solution if performance

commitments are published, sufficient, and met. In particular:

e onset probabilities of fault must be bounded,

¢ under nominal conditions position errors must be bounded by the error bound deriving

from the broadcast SISA/URA,

e faults must be removed within a specified time, and

e signal deformation and code carrier coherence bounds should be included.

It is unlikely that a CSP would accept liability if the performance commitments were not met.
The ANSP generating the ISM would have to decide whether the performance commitments of a

given CSP are trustworthy.

5.3 Offline Monitoring

The offline monitoring would follow a process similar to the offline monitoring done in WAAS
[4], which is reported quarterly and can lead to modifications in the constants assumed by the
WAAS safety algorithms (these include bounds on the nominal ephemeris error and the probability

of satellite fault). The type of analysis that would be necessary would be very similar to the ones



performed by the FAA TEC center and reported in the Performance Analysis Reports for both

GPS and WAAS [5].

While most of the analysis would rely on automatic tools (just like they rely on automatic tools for
the safety analysis of WAAS [6]), there would be room for human intervention to handle
exceptions. For example, if a receiver used in the generation of precise ephemeris appeared to be
faulty, the list of receivers would be updated to exclude it orreplace it. "Also, in the case a fault
had different effects depending on the type of receiver, it might be necessary to initiate an

investigation. As a general rule, human intervention would only be necessary in ambiguous cases.

Reference network

The reference network used to support the ISM would need to be global, as the ISM is meant to
be valid anywhere on the globe. Because of the long latency nature of the ISM, there are no
stringent requirements on the latency of the measurements, as there are with SBAS. For this
reason, a global network based on already existing networks as IGS, NGA or CORS could be
appropriate. The data would have to be of good quality —and the stations chosen carefully-, but it
would not need to be at the level of the SBAS reference receivers in terms of reliability. Instead,
the reliability of the overall set of measurements would be obtained through redundancy, as the
cost of additional receivers would low (mostly the cost of downloading the data). Because the
measurements might not be under the control of the ANSP, it would be essential to make sure that

they come from a variety of independent and trustworthy sources.



APPENDIX

Criticality of operations

The violation of an error bound will have different consequences depending on the operation.
These consequences can be categorized following the severity levels listed in Table 1 ([8],[10]).
For en-route or non-precision approach, the violation of an error bound would constitute a Major
event, whereas it would be Hazardous for precision approach. In practice, this means that the
generation of the position error bound must go through much more serutiny. The new algorithms
and assumptions that could provide vertical guidance have been labeled Advanced RAIM

(ARAIM) to distinguish them from the current RAIM

Severity Description Required
DAL
Catastrophic | Failure may cause a crash. Error or loss of critical function A

required to safely fly and land aircraft

Hazardous | Failure has a large negative impact on safety or performance, or | B
reduces the ability of the crew to operate the aircraft due to
physical distress or a higher workload, or causes serious or fatal

injuries among the passengers. (Safety-significant)




Major Failure is significant, but has a lesser impact than a Hazardous C
failure (for example, leads to passenger discomfort rather than

injuries) or significantly increases crew workload (safety related)

Minor Failure is noticeable, but has a lesser impact than a Major failure | D
(for example, causing passenger inconvenience or.a routine

flight plan change)

No effect Failure has no impact on safety, aircraft operation, or crew E

workload.

Table A.1 Severity levels, description, and corresponding Design Assurance Level (DAL).
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