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ABSTRACT

In this paper, we present a multiple hypothesis based
approach to test the performance of the receiver
autonomous integrity monitoring (RAIM) fault detection
and the corresponding integrity bound against multiple
failures. In particular, we investigate the resistance of
RAIM for the combined constellation of global positioning
system (GPS) and Russian global orbiting navigation
satellite system (GLONASS) against multiple faults, based
on the proposed method. This paper evaluates the exact
probability of missed detection (PMD) under each failure,

and we compare this PMD to the requirement for single
failure (i.e., 10%), as in lines with the proposed
GPS/GLONASS MOPS test procedures. This is to check if
the test procedures outlined in the MOPS could guarantee
the required level of integrity even for multiple failures. It
is shown that the maximum PMD for a pair of faults is
approximately 102 when the test procedures and the
corresponding assumptions from the MOPS are applied.
Also, we compute total probability of hazardous
misleading information (PHMI) by accounting for several
fault hypotheses, including GLONASS constellation fault,
and compare it with the integrity risk requirement of 10”7,
The maximum PHMI for multiple satellite failures goes up
to approximately 2 - 10® when the newly proposed
methodology is applied.

1 INTRODUCTION

Global navigation satellite system (GNSS) measurements
are vulnerable to rarely occurring faults such as satellite
failures, which can lead to potential integrity threats for
users. A Fault-detection algorithm, receiver autonomous
integrity monitoring (RAIM) has been developed to
mitigate the impact of those risks. The U.S. global
positioning system (GPS) with RAIM has been used to
support aircraft navigation since the mid-1990s [1].
Today’s RAIM is used for supplemental navigation in the
en route and terminal area phases of flight, and also
supports lateral guidance during the approach phase of
flight [2]. RAIM take advantage of redundant ranging
measurements to perform self-contained fault monitoring
at the user receiver level [3]. With the full deployment of
the Russia’s global orbiting navigation satellite system
(GLONASS), an increased number of redundant GNSS
measurements are available, which has recently drawn
interest in the feasibility of a single frequency based
GPS/GLONASS RAIM.

Accordingly, the design of a rigorous integrity test
methodology for GPS/GLONASS receiver has been
needed in developing the GPS/GLONASS Minimum
Operational ~ Performance Standards (MOPS) for
GPS/GLONASS L1-only airborne equipment. These
standards and test procedures must be validated in order to
show that they protect the user concerning the higher level
requirements of integrity and continuity relating to safety.
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Thus, this paper presents a multiple hypothesis based
approach to test the performance of GPS/GLONASS
RAIM fault detection (FD) and the associated integrity
bound against multiple failures. Based on the newly
proposed method, we investigate the resistance of
GPS/GLONASS RAIM against multiple failures,
including GLONASS constellation failure.

We first determine the worst case fault, which is the most
difficult to detect whilst leading to a potential positioning
failure. This corresponds, for each failure, to identifying
both the worst fault direction and magnitude. Next, we
evaluate the exact probability of missed detection (PMD)
under each fault by using numerically fast and efficient
integration method. In this procedure, we consider bi-
normally distributed position error ellipse whose major
axis is aligned with the worst fault direction. Also,
previously proposed RAIM protection bounds for multiple
faults are considered to evaluate the PMD. We then
compare this PMD to the requirement for single failure
(i.e., 104, as in lines with the proposed GPS/GLONASS
MOPS test procedures. This is to check if the proposed
safety bounds could protect the users against multiple
failures. We also compute total probability of hazardous
misleading information (PHMI) by accounting for several
failure modes: a single GPS fault and a single GLONASS
fault, GPS double faults, GLONASS double faults,
GLONASS constellation fault, and a combination of a
single failure and GLONASS constellation failure. Also,
we compare it with the integrity risk requirement of 107

This paper is comprised of five sections. Following the
introduction, section 2.0 gives a brief description of GNSS
based position solution and the current RAIM fault
detection. In Section 3.0, the methodology of integrity risk
evaluation for RAIM with multiple failures is presented.
Section 4.0 discusses the results of PMD and PHMI
simulation performed using the proposed method. This
study is concluded in Section 5.0 with remarks for future
work.

2 WEIGHTED POSITION SOLUTION AND
RAIM

A typical linearized measurement equation is as follows:
y=Gx+¢ 1)

where

X is the five dimensional state vector which includes

north, east and up position offsets from a

linearization point, and two clock errors for GPS

and GLONASS

is an n dimensional measurement vector

is the observation matrix which has dimension n

X5

€ iS measurement noise vector whose components
are assumed to be independent and Gaussian
distributed.

o<

The weighted least squares solution for x and the
corresponding estimate error covariance can be
respectively calculated by

£ =(G"TWG)1GTwy 2
Cov = (GTWG)™?* 3)

where
w is the inverse of the measurement noise

covariance matrix under nominal conditions.

The standard RAIM utilises redundant ranging
measurements to check if there is either excessive noise or
biases due to the possible faults in the measurement vector
[4]. For this purpose, RAIM fault detection is performed
based on the following threshold test:

y'Sy > xi_o(n—5) (4)

where y?_,(n —5) indicates the 1- a quantile of the
central chi-squared distribution with n-5 degrees of
freedom, and «a represents the specified probability of false
alarm. The matrix S in Equation (5) can be found by

S = W(I - G(GTWG)"1GTW). (5)

If there is no detection, RAIM produces protection bounds
such as horizontal protection levels (HPLs). More details
on HPL computation will be described in Section 3.

3 INTEGRITY RISK EVALUATION
METHODOLOGY

This paper presents a multiple hypothesis based approach
to test the performance of the current RAIM fault detection
and the corresponding integrity bound against multiple
failures. In this section, we provide a step-by-step
description of the proposed method.

3.1  Multiple hypothesis approach
In the multiple hypothesis approach, the total integrity risk,

also called probability of hazardous misleading
information (PHMI), is defined as follows [5]:

o P(lgol > 1, 1q] < T|H) Py, (6)

where

€ is the error in the position estimate

l is a specified alert limit that identifies hazardous
conditions

q is the detection test statistic and here yx? test
statistic is used for conventional RAIM fault
detection

T is the detection threshold

H; fori =0,1,---, h is the possible fault hypothesis
associated with fault on measurement subset ‘i’

Py, is the prior probability of H; occurrence.
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Since fault distributions which the aircraft may experience
are unknown, a bound on the probability of HMI under H;
need to be evaluated for the worst case fault. In Equation
(7), f; isan; x 1 faultvector, and n; indicates the number
of measurements given H;. If the components of fault
vector are ordered to correspond with a fixed satellite order,
the fault vector have non-zero components in the position
for which faults are present in the corresponding satellites,
and have zeros elsewhere.

o (max P(leol > L,1g1 <T [Hu f PCH)) (7

The worst case fault vector f; for multiple satellite failures
which maximizes the integrity risk under H; is
mathematically derived in [4][6]. More specifically, the
analytic formulation for the worst case fault direction is
given in [4][6], whereas the worst case magnitude can be
found based on a straightforward line search algorithm. For
the fault-free case (i.e., i = 0), the fault vector f, should be
ny X 1 zero vector. If the evaluated integrity risk is lower
than the requirement, the RAIM based navigation is
considered available. This paper takes account of the
integrity requirement of 1077

We conduct not only PHMI analysis also probability of
missed detection (PMD) analysis based on the proposed
GPLS/GLONASS MOPS integrity test procedure [7].
PMD corresponding to each fault hypothesis can be
defined as each conditional risk probability within
Equation (7):

PMD,i=H}?1X P(|£0|>l'|Q|<T|Hi:fi) (8)

More details on the computation of the probability in
Equation (8) will be described in the following subsections.

3.2  Calculation of HPL against multiple failures

To examine the resistance of GPS/GLONASS RAIM
against multiple faults, we use horizontal protection level
(HPL) for the alert limit in Equation (7-8). In this paper,
two type of HPL computations for fault detection (HPLgp)
are accounted for: one based on the previously proposed
multi-bias RAIM protection method [4] and the other one
based on the preliminary FD algorithm which has been
discussed during GPS/GLONASS MOPS elaboration.
Note that although the current MOPS [7] does not specify
a formula for HPL calculation, the authors assume the HPL
discussed during the elaboration. In [4], the HPLgp
computation for a fault mode i is performed as follows:

where

by ; is an error vector whose components are bias-
induced errors in user horizontal position given
fault vector f;

ky is the number of standard deviation for horizontal
position error which corresponds to the specified

probability of missed detection under fault
condition i

oy is the standard deviation for horizontal position
error which is calculated based on the error
covariance matrix in Equation (3).

Here the first term is the protection for biases and the
second term is the protection for measurement noise. In
particular, more details on the mathematical derivation of
by, ; can be found [4]. At each epoch, the maximum value
over possible fault conditions is taken as the resulting
HPLrp (see Equation (9)).

We also consider HPLgp that has been discussed during the
elaboration for GPS/GLONASS MOPS (see Equation
(10)). We will take this HPLgp as the alert limit for PMD
computation in Equation (8). Unlike the HPLrp in Equation
(9), the proposed HPLgp only considers the protection for
the fault induced bias. At each epoch, the maximum value
over possible fault conditions is taken as the resulting
HPLrp.

We will investigate how those two different user protection
bounds can affect integrity risk assessment for the
GPS/GLONASS RAIM in Section 4.

3.3  Computation of integrity risk probability

This section describes the calculation of the conditional
joint probability in Equation (7-8). Since the position error,
&, and the RAIM fault detection test statistics, g, are
statistically independent, the joint probability in Equation
(7-8) can be expressed as [5]:

P(leol > 1,11 < T |H;, f1)
=P(lel > |Hy, f)P(lql < T |H, f) (11)

To evaluate the first probability, we need to characterise
the position error distribution under fault hypothesis i,
which is shown in the following simple diagram.

Error in
North direction Position error exceeds

[ the specified alert limit

Probability ellipse of

position error
Ma,

Pos|
Bia.

Errorin
East direction

Horizontal
Alert Limit

Figure 1 — Position error probability distribution and
protection region
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Here the maximum position bias is induced by the worst
fault vector, f;, as in Equation (7-8). Also, the orientation
and shape of the position error ellipse can be characterized
by the error covariance matrix in Equation (3). In
particular, the orientation of the distribution is normally not
aligned with the direction of the maximum bias. However,
we assume the worst error distribution such as the major
axis of the error ellipse (or distribution) is aligned with the
maximum bias direction, as shown in the Figure 1. The red
shaded area outside the circle with a radius of the alert limit
indicates that the position error exceeds the horizontal alert
limit. Therefore, based on the magnitude of the maximum
bias and the error covariance matrix, we can evaluate the
positioning failure probability by numerically integrating
the position error distribution over the shaded area. For this
purpose, we have introduced a computationally efficient
integration method in [8]. In addition, the second
probability can be easily calculated from the known non-
central chi-squared distribution (see Equation (4)).

4  SIMULATION RESULTS

So far we have described the method to evaluate integrity
risk probability. In this section, we focus on the
GPS/GLONASS RAIM performance analysis, and we
carry out two separate investigations. Firstly, we conduct
PMD performance analysis based on the PMD evaluation
method proposed in this paper and GPS/GLONASS MOPS
integrity test procedures and fundamental assumptions and
parameters [7]. Secondly, we perform PHMI analysis
based on the newly proposed methodology. In particular,
PHMI analysis is carried out for three intended cases.
Those three cases are different depending on which
protection bound is taken as the alert limit (1) in Equation
(7-8) (See Table 1).

Table 1 — Different simulation scenarios

Case Alert limit (1)
1 Equation (10)
2 Equation (9)
3 556m (alert limit for RNP 0.3)

Underlying assumptions and integrity parameters specified
in [7] are used to perform the simulations. Single-
frequency 24 GPS/ GLONASS baseline constellation with
formal parameters [7][9] is used. Also, all simulations were
performed based on a single day period. Table 2 shows
some key simulation parameters.

Table 2 — Simulation parameters

Parameters Values
Integrity requirement 107
PMD requirement GPS: 10*/ GLO: 10*
Pgas GPS: 10°/GLO: 10*
P.onst GLO: 10*
OyRrA GPS: 2.5m/GLO: 18m
Mask Angle 5 deg.
Time Step 10 min.

Simulation Duration 24 hours

4.1 Probability of missed detection performance
analysis

Integrity monitoring test procedures outlined in the
GPS/GLONASS MOPS [7] suggests verification of
whether or not the user equipment can satisfy the missed
alert requirement. According to the proposed MOPS’
instruction [7], we conducted PMD simulations for dual
satellite failures below:

e two independent single GLONASS satellite faults
only GPS satellite failure and single GLONASS
satellite fault

Latitude (deg)

Longitude (deg)

.
-3.3 -3.2 -3.1 -3 -2.9 -2.8 -2.7 -2.6 -2.5 -2.4
Iogm(Max. P =1e-04

MD) ’ F’MD,REQ
Figure 2 - Maximum PMD against dual failures
obtained when the GPS/GLONASS MOPS test

method is applied to PMD evaluation. The highest

PMD is represented in log scale.

Latitude (deg)

Longitude (deg)

L
0 0.02 0.04 0.06 0.08 0.1 0.12
Time Percentage of (P vD < P Q), PMDREQ =1e-04

MD,RE!
Figure 3 - Percentage of time that the evaluated PMD
is lower than the associated probability of missed
detection requirement of 10,

At each user location and time epoch, we compute PMDs
for possible dual failures (see Equation (8)), and then take
the maximum PMD among evaluated PMDs. Afterwards,
we compare it with the corresponding PMD requirement of
104, as in lines with GLPS/GLONASS MOPS integrity
test procedures.
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In Figure 2, the maximum PMD is represented in log scale,
and it ranges from approximately 10 to 102, which is
much higher than the proposed missed detection
requirement of 10 [7]. Figure 3 shows the percentage of
time that the evaluated PMD at each epoch and user
location is lower than or equal to the given requirement. As
shown in the figure, there are no regions where the
proposed requirement is met. Thus, if we apply the
protection bound (see Equation (10)) to the future
GPS/GLONASS RAIM, the fault monitoring performance
could be poor for multiple failures. Thus, integrity test
procedures, including FDE algorithm, proposed by the
GPS/GLONASS MOPS appears to be incomplete for
various satellite failures.

4.2  PHMI performance analysis

Since previous PMD report is limited to verification for
double satellite faults, we need to thoroughly investigate
the resistance of GPS/GLONASS RAIM against multiple
failures. Therefore, in this section, we carried out multiple
hypotheses based PHMI analysis by accounting for several
failure modes:

a single GPS satellite fault

a single GLONASS satellite fault

GLONASS constellation fault

two independent single GLONASS satellite faults
two separate single GPS satellite faults

only GPS satellite failure and single GLONASS
satellite fault

In this paper, we assume the prior probability of GPS
constellation fault as zero according to the underlying
assumptions in the draft MOPS [7]. However, it is
worthwhile to examine how GPS constellation failure can
affect the integrity risk to fully understand the system
performance, and this issue will be further investigated in
our future work. All simulations were conducted using the
same satellite constellation and simulation parameters (see
Table 2), and PHMI performance was assessed for the
different three cases (see Table 1).

The first case determines the integrity risk for
GPS/GLONASS RAIM when user HPL is generated based
on the proposed FD algorithm (see Equation (10)). Figure
4 shows the simulation result of PHMI in log scale. The
maximum PHMI ranges from approximately 10° to 10
that are much higher than the integrity requirement of 107.
Figure 5 illustrates the percentage of time that the
evaluated PHMI is lower than the associated requirement
of 107. There are no regions where the integrity
requirement is satisfied. Therefore, as in the case of PMD
evaluation, currently proposed fault monitoring method
and the protection for the bias could lead to frequent
integrity fails of the future GPS/IGLONASS RAIM under
multiple error conditions.

Latitude (deg)

Longitude (deg)

I

-5.9 -5.8 -5.7 -5.6 -5.5 -5.4 -5.3 -5.2 -5.1 -5
IOgm(Max. PHMI) , PHMIREQ =1e-07

Figure 4 - Maximum PHMI under multiple failure
modes when the horizontal user protection bound
based on the proposed MOPS test procedure is
applied. Each maximum value is expressed in log
scale.

Latitude (deg)

Longitude (deg)

L
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time Percentage of (PHMI < PHMI PHMIREQ =1e-07

REQ)’

Figure 5 - Percentage of time that the evaluated PHMI
is lower than the associated requirement of 10”7,

We also investigate whether or not a more conservative
safety bound in Equation (9) can protect the users against
multiple satellite failures. Figure 6 shows the maximum
PHMI in log scale that is obtained using the conservative
user protection bound. The maximum PHMI goes up to
approximately 108 and thus the integrity requirement can
be satisfied in all regions in the world. Therefore, the
GPS/GLONASS RAIM protection outlined in this work
(i.e., Equation (9)) appears to be safe even for multiple
failures. Accordingly, derivation of an optimised user
protection bound for the future GPS/GLONASS RAIM
should be one of the essential components to be considered
for the design of the new integrity test procedures and the
related FDE algorithm for GPS/IGLONASS MOPS.
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Latitude (deg)

Longitude (deg)

-135 -13 -125 -12 -115 -11 -105 -10 -95 -9 -8.5 -8
Iogm(Max. PHMI) , PHMIREQ =1e-07
Figure 6 - Maximum PHMI in log scale obtained using
the multi-bias RAIM protection bound with the
measurement noise protection. The maximum goes up
to approximately 2:10°8,

Latitude (deg)

Longitude (deg)

-135 -13 -125 -12 -115 -11 -105 -10 -95 -9 -8.5
Iogm(Max. PHMI) , PHMIREQ = 1e-07

Figure 7 - Maximum PHMI in log scale based on the
alert limit for RNP 0.3 operation (i.e., 556m).

Next, we further examine if the GPS/IGLONASS RAIM
can guarantee horizontal services supported by today’s
RAIM such as RNP 0.3 operation even under multiple
failure conditions. The integrity risk evaluation result
based on the alert limit for RNP 0.3 operation (i.e., 556m)
was obtained using the same simulation parameters and the
baseline constellation as the previous two cases. As we
expected, integrity requirement (i.e., 10-7) can be met in all
regions of the world for such huge position limit.

In this section, we demonstrated the benefits of
implementing the proposed methodology for integrity risk
evaluation and the different protection bound from one
which has been discussed for the GPS/GLONASS MOPS.
However, the maximum integrity risk which is lower than
10® may have been observed merely due to chance,
because all possible satellite geometries were not
investigated in this work. Thus, our further study would
examine more satellite geometries which could make the
performance worse by accounting for a multiple of the
periods of GPS and GLONASS constellation.

5 CONCLUSION

In this paper, we present an integrity test methodology for
RAIM with multiple faults based on the multiple
hypothesis approach. We also examine the performance of
the future GPS/GLONASS RAIM based on the proposed
method. As a result, we found that the GPS/GLONASS
RAIM protection could not be safe for multiple failures
when the proposed MOPS test procedure and the
underlying assumptions are applied to the user equipment.
Also, we conducted preliminary integrity risk assessment
for GPS/GLONASS RAIM with multiple faults based on
the newly proposed method. We demonstrated that the
different user protection bound from the one that has been
proposed for GPS/IGLONASS MOPS is needed. However,
this work is concentrated on possible fault modes and the
related error bounding for GPS/GLONASS RAIM.

Future work should therefore include follow-up work
designed to thoroughly evaluate integrity test procedures,
including fault injection test, proposed by the current
MOPS. Also, the simulation with expanded period
concerning more satellite geometries and GPS
constellation fault needs to be performed. This work would
help to design integrity monitoring and the associated error
bounding for GPS/GLONASS Ll-only airborne
equipment.

REFERENCES

[1] RTCA Special Committee (SC) 159, “Minimum
Operational Performance Standards (MOPS) for
Airborne Supplemental Navigation Equipment Using
Global Positioning System (GPS),” RTCA Document
No. DO-208, 12 July 1991.

[2] RTCA Special Committee (SC) 159, “Minimum
Operational Performance Standards for Global
Positioning System/Wide Area Augmentation System
Airborne Equipment,” RTCA Document No. DO-
229D, 13 December 2006.

[3] Phase Il of the GNSS Evolutionary Architecture
Study, February 2010.

[4] Angus, J. E., "RAIM with  Multiple
Faults," NAVIGATION, Journal of The Institute of
Navigation, Vol. 53, No. 4, Winter 2006-2007, pp.
249-257.

[5] M. Joerger and B. Pervan, "Fault detection and
exclusion using solution separation and chi-squared
ARAIM," in IEEE Transactions on Aerospace and
Electronic Systems, vol. 52, no. 2, pp. 726-742, April
2016.

[6] Joerger, Mathieu, Chan, Fang-Cheng, Pervan, Boris,
"Solution Separation Versus Residual-Based RAIM,"
NAVIGATION, Journal of The Institute of Navigation,
Vol. 61, No. 4, Winter 2014, pp. 273-291.

[7] RTCA Special Committee (SC) 159, “Minimum
Operational Performance Standards for
GPS/GLONASS (FDMA + antenna) Ll-only
Airborne Equipment,” RTCA Document No. DO-
368, 13 July, 2017.

International Technical Symposium on Navigation and Timing (ITSNT) 2017

14-17 Nov 2017
ENAC, Toulouse, France



[8] Carl D. Milner and Washington Y. Ochieng, “A fast
and efficient integrity computation for non-precision
approach performance assessment,” GPS Solutions,
Vol. 14, No. 2, pp. 193-205, March 2010.

[91 RTCA Special Committee (SC) 159, “Minimum
Operational Performance Standards for Global
Positioning System/Aircraft Based Augmentation
System Airborne Equipment,” RTCA Document No.
DO-316, 14 April 2009.

International Technical Symposium on Navigation and Timing (ITSNT) 2017
14-17 Nov 2017
ENAC, Toulouse, France



