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ABSTRACT

Global Navigation Satellite System (GNSS) is currently
used in civil aviation to provide aircraft with position and
velocity estimates from en-route to Precision Approach
(PA) operations. Extending the use of GNSS to automatic
taxi and parking remains a challenge. Indeed, during
surface operations, GNSS pseudo range measurements
suffer from higher multipath errors than whilst in flight
because of signal reflections from the aircraft structure,
and from additional sources of multipath that are the
airport surface and obstacles surrounding the airborne
antenna [2]. The standardized multipath error model [8]
used by integrity monitoring algorithms during in-flight
operations is not valid for surface operations. Current
integrity monitoring algorithms are thus not designed to
protect users from the effects of multipath during surface
operations. Hence it is necessary to develop an integrity
monitoring algorithm designed to properly detect
multipath ranging errors and protect users from the effects
of multipath during surface operations. Several steps are
needed to set up such an algorithm.

The first step [4] was to model the raw code ranging
errors due to multipath from:
- the aircraft structure and the airport surface,
- the aircraft structure, the airport surface, and obstacles
surrounding the airborne antenna,
in both static and dynamic conditions.

The second step, which is the main objective of this
paper, is to define multipath faults modes that may
potentially affect GNSS pseudo range measurements
during surface operations.

Firstly, the navigation algorithm considered for the faults
modes identification is presented. The algorithm is a
tight-coupling GNSS+Inertial Navigation System (INS)
Kalman filter. The accuracy performances of the
navigation algorithm in both static and dynamic
configurations are obtained by simulations. Next,
performances are compared to the accuracy requirements
that are demanded for the control function. This function
will be used to perform automatic taxi and parking
operations.

Secondly, analytical models of the horizontal position
error at the Kalman filter output are provided in both



static and dynamic conditions. These models are adapted
to taxi and parking operations. The impact of multipath
ranging errors on the horizontal position error is
underlined. In the static case, the multipath ranging errors
are deterministic multipath ranging biases. Ranging biases
induce a deterministic horizontal position error.
Parameters of the navigation algorithm influencing the
multipath-induced deterministic positioning error are
presented and their influences are discussed. In the
dynamic case, the multipath ranging errors are modeled as
the sum of a deterministic bias and a stochastic error that
follows a centered Gaussian distribution. The multipath
stochastic errors induce an inflation of the variance of the
horizontal position error. Parameters influencing the
variance of the horizontal position error are presented and
their influences are discussed.

Thirdly, the concept of multipath faults is defined. A
practical methodology aiming to identify single and
double multipath faults is proposed. The methodology
requires implementing and simulating the horizontal
position error models presented herein. Based on this
methodology, the static single and double multipath faults
for the control function during taxi operations are
identified. Next, the dynamic single multipath faults for
the control function during taxi and parking on the apron
operations are identified.

INTRODUCTION

GNSS is currently used in civil aviation to provide aircraft
with position and velocity estimates from en-route to PA
operations. GNSS is also currently used during surface
operations for the position awareness (also known as
routing [15]) function. This function aims to display the
airport map and the routes to follow on navigation
displays. The challenge for the incoming years is to extend
the use of GNSSs to automatic surface operations. This
will require the future airport navigation systems to
combine guidance and control functions [15]. The
guidance function will provide indications to the pilot to
follow the assigned route [1]. The control function will
allow the pilot to drive in all weather conditions using
steering indications [1].

Compared to the position awareness function, the
guidance and control functions require high performance
(meter level) on the aircraft positioning service in terms of
accuracy and integrity [1]. Integrity is a measure of the
trust which can be placed in the correctness of the
information provided by the total system. It includes the
ability of a system to provide timely and valid warnings
when the system must not be used for the intended
operation [7].

One of the main issues in extending the use of GNSSs to
these stringent functions is multipath. Multipath is the
reception of echo replicas of the desired signal by the
GNSS airborne antenna. For in-flight operations, the
structure of the aircraft itself is the dominant source of

multipath error. A multipath ranging errors model has

been standardized and is currently used GNSS integrity

monitoring algorithms for in-flight operations [8].

However, during taxi and parking operations, additional

sources of multipath errors may affect the pseudo-range

measurements [2]:

- the airport surface, which can be modeled in airport
environments by tar or grass to represent taxiways,

- obstacles on the airport surface surrounding the GNSS
airborne antenna such as aircrafts and buildings.

These additional sources of multipath result in two main
consequences. Firstly, multipath replicas are one of the
dominant contributors of error for surface operations.
Multipath errors on raw code pseudo range measurements
may reach few m [4]. This may lead to multipath errors in
the horizontal positioning domain of up to few dm, which
is significant with respect to the required meter level
accuracy. Hence multipath may significantly degrade the
accuracy performance of the GNSS-based navigation
systems during airport surface operations. Secondly, the
standardized multipath error model is not valid for surface
operations. Current integrity monitoring algorithms are
thus not designed to protect users from the effects of
multipath during surface operations.

Considering these issues, the main objective of our
project is to propose an integrity monitoring algorithm
capable to support guidance and control functions during
surface operations and designed to protect users from the
effects of multipath. The design of such an algorithm
requires an understanding of the multipath faults modes as
well as their probability of occurrence [16]. In this
project, “multipath faults” are qualitatively defined using
the GPS integrity fault definition provided in [16]: a
multipath fault is a multipath ranging error inconsistent
with the nominal error distribution due to a fault condition
and which can lead to a position error larger than the
maximum  tolerable error for a given pair
function/operation. The proposed integrity monitoring
algorithm will be capable to detect multipath faults with a
probability of missed detection that depends on the
probabilities of occurrence of the multipath faults and on
the integrity requirements.

In order to achieve the main objective presented herein,
several steps are needed. The first step aimed to provide
multipath ranging errors models adapted to surface
operations [4]. The second step objectives constitute the
main goals of this paper that are:

- to propose a GNSS-based navigation system capable to
support the accuracy requirements for surface
operations,

to identify the multipath faults for control function
during taxi and parking on the apron operations.

This paper is organized as follows:
- The first section defines the operations and functions
targeted in this publication as well as the operational



performance required by these operations/functions. It
also provides the general architecture of the GNSS-based
navigation system considered for the rest of the paper.
Finally, this part introduces the main assumptions made
on the GNSS measurements used in the navigation
system and the main notations used in the paper.
The second section provides a brief summary of the
static and dynamic multipath ranging errors models that
are adapted to surface operations and developed in [4].
Next, for each static and dynamic configuration, position
errors models adapted to taxi and parking on the apron
operations are proposed. These errors models are
specific to the navigation algorithm presented in the first
section, that is to say the Kalman filter.
The third section provides the simulation results.
Firstly, the simulations conditions are exposed.
Secondly, the simulation-based methodology to assess
the accuracy performance of the GNSS-based navigation
system described in the first section is presented.
Simulations results are compared to the accuracy
requirements proposed in [1] for the control function
during taxi and parking on the apron operations. Thirdly,
the paper explains how the position error models
established in the second section are used in simulations
to identify the multipath faults. Multipath faults are then
identified for the control function during taxi and
parking on the apron operations.
- Finally, the main results derived in this paper and future
works are presented in the conclusion.

I. SYSTEM MODEL

This section aims to provide the general architecture of the
positioning algorithm used in the paper and to introduce
the notations that will be used.

This publication focuses on two types of surfaces
operations: taxi and parking on the apron. The taxi on the
taxiway operation begins when the aircraft exits the
runway or the high speed taxiway [17]. It ends when the
aircraft enters the apron area and begins the parking on the
apron operation. The apron area is defined as the area
intended to accommodate aircraft for purposes of loading
or unloading passengers away from airport terminals [15].
The apron operation ends when the aircraft enters the gate
region and moves on taxilanes [17]. In addition, only
control function is considered in this paper. The control
function will allow the pilot to drive in all weather
conditions using steering indications [1].

The positioning system and the integrity monitoring
system must be chosen in order to support the operational
requirements in terms of accuracy and integrity for the
control function during taxi and parking on the apron.
These requirements are provided in Table 1. In this Table,
HAL stands for Horizontal Alert Limit.

Operation Accuracy Integrity requirement
95% bound
requirement | HAL | Integrity risk | Time to
Alert
Taxi im 4,5m 1e-9/op 1s
Parking on im 7,5m le-7/op 1s
the apron

Table 1: Operational requirements on the aircraft
positioning system for control function [1]

In order to meet the meter level accuracy and integrity
operational requirements indicated in Table 1, few
solutions could be envisaged. Firstly, the use of
corrections broadcasted by Satellite Based Augmentation
System (SBAS) satellites could help to reduce the errors
affecting GNSS pseudo range measurements. However,
the visibility of SBAS satellites may be degraded in
airport environments. Secondly, the use of multi
constellation and multi frequency Ground Based
Augmentation Systems (GBASs) could also help to
reduce the positioning error. Multi constellation multi
frequency Aircraft Based Augmentation Systems
(ABASs) based on the hybridization of GNSS
measurements with external sensors is a third solution to
meet the meter level accuracy and integrity operational
requirements. Since this solution will most likely be
available before the operation of multi constellation and
multi frequency GBAS systems in airport environments, a
multi sensors GNSS+INS tight coupling positioning
algorithm is considered in this paper and is represented in
Figure 1.

* 3D position estimate

* Position estimate error

in the horizontal
position domain

lsi  Inertial position, ' r

INS velocity and Euler i

angles estimates >t

Kalman E

Trajectory v filter i

armlkisn L GNSS pseudo 4 i
GNSS range estimates | i g i
-------------------- = H pos,hori

Raw code ranging ‘L
- Sng Expected
errors . .
covariance matrix

of GNSS raw code
ranging errors
Figure 1: Architecture of the position estimate error
simulator

In this paper, a double constellation GPS+Galileo is
considered. Note that the 24 GPS and 27 Galileo satellites
are considered to be static during a surface operation that
lasts few tens of s up to few min. Indeed, a preliminary
analysis shows that the angular variation of the satellite
elevation and azimuth angles does not exceed few tenths
of degrees during a time period of few min. These angular
variations are neglected in this paper. Each GPS and
Galileo satellite is assumed to broadcast GPS L1C and
GPS L5 signals. Each Galileo satellite is assumed to
broadcast Galileo E1C and Galileo E5 signals.



GPSL1C/L5 and GalileoE1/E5a raw (or unsmoothed) code
iono free pseudo range measurements are used to estimate
the aircraft position. 4 types of errors affect GNSS raw
code pseudo range measurements that are:

- The multipath error. The raw code multipath ranging

error is denoted as €;,qe multipacn 1N Figure 1,

- The residual satellite clock and ephemeris errors after
correction by Aircraft Based Augmentation System
(ABAS) standardized correction models,

- The residual tropospheric error after correction of the
tropospheric delay by ABAS standardized correction
models,

- The GNSS airborne receiver noise error.

The INS estimates the position, velocity and attitude
angles of the aircraft based on measurements made by the
INS sensors, namely the gyroscopes and the
accelerometers. INS sensors measurements are affected by
errors. Both GNSS and INS sensors measurements errors
induce errors in the horizontal position estimated at the
Kalman filter output. Horizontal position error is denoted

_ Spos,North
8 €poshori = [spOS,EaSt
aims to propose models of £,45nori adapted to airport
surface operations.

] in Figure 1. The next section

1. POSITION ERROR MODELS

Several publications underline the impact of aircraft
dynamics on the multipath ranging errors affecting the raw
code pseudo range estimates [2] [3]. Hence, a previous
publication proposes separate raw code multipath ranging
error models for both static and dynamic configurations
[4]. Since the position error models at the Kalman filter
output depends on the multipath ranging error models,
separate position error models for both static and dynamic
configurations are provided in this publication.

11.1. Static Case

11.1.1. Multipath ranging error models

The multipath ranging error models adapted to the static
case and developed in [4] are briefly presented below.

Let’s assume that the aircraft is static in the airport as
represented in Figure 2.

Satellite “1”

X axis

Case (a)

7 axis

y ks

=

Impact zone

Case (b)
Figure 2: static aircraft in an airport

Considering that the multipath sources and the satellite “j”
are static, and considering that the Delay Locked Loop
(DLL) is in steady state, the raw code multipath ranging
error that affects the pseudo range measurement between
the satellite “j” and the airborne antenna remains constant
in the time domain:

€code multipath) = D Vt;, DLL in steady state Eq.l1

where:
e b is the DLL output code multipath ranging error in
steady state.

The amplitude of b highly depends on the multipath
sources that induce the error on the pseudo range
measurement between a satellite “5” and the airborne
antenna. More precisely, 2 cases can be distinguished and
are illustrated in Figure 2:

- Case (a): the pseudo range measurement is affected by
multipath from the airport surface and the aircraft
structure,

- Case (b) : the pseudo range measurement is affected
by multipath from the airport surface the aircraft
structure and obstacles surrounding the airborne
antenna.

The value of b related to both cases are indicated in Table
2.

Case Value of b

Case (a) ba/c+ground (El, Az)

Case (b) bA/C+ground+obs

Table 2: raw code multipath ranging errors models in
static configuration

Case (a)

From Table 2, the raw code multipath ranging error due to
multipath from the airport surface and from the aircraft
structure (Case @) is a bias
ba/crgrouna(ELAz) in the  DLL  steady  state.

ba/c+grouna (El, Az) mainly depends on the satellite

elevation angle EL. It also depends on the relative
orientation of the aircraft fuselage with respect to the
satellite. This angle is denoted as Az in Figure 2 (a).



The values of by /c4grouna for a wide range of elevation
angles have been simulated on GPS L1C, GPS L5, Galileo
E1C and Galileo E5a measurements with the deterministic
multipath ranging error simulator described in [2]. Values
of ba/c+grounadre plotted in Figure 3 for dual frequency
measurements GPSL1C/L5 and GalileoE1l/E5a and for
Az = 0°.

0.8 T

0.6 + +Iono free GPSL1C/LS measurement
0.4| ® lono free Galilea E1C/ESa measurement
- 0.2}
5 +++ L ++ +
g 'l ++ + ++++++
0.2}
2., +
: +
-0.6}
-0.8|
o + 0 20 3 ' 70 80 90

0 40 50 60
Elevation angle (El) [deg]

Figure 3: ba/ceground @S @ function of the elevation angle,
Az = (°

Case (b)

From Table 2, the raw code multipath ranging error due to

multipath from the airport surface, the aircraft structure

and obstacle(s) (Case (b)) is a bias

bA/C+gr0und+0bs in the DLL Steady state. bA/C+gr0und+0bs

mainly depends on:

- The relative position of the airborne antenna with respect
to the obstacle(s),

- The obstacle(s) characteristics (sizes, materials and
shapes),

- The satellite elevation angle (El),

- The orientation of the facade of the obstacle(s) with
respect to the direction of propagation of the incoming
GNSS signal (B).

Note that El, Az and {3 are illustrated in Figure 2.

11.1.2. Position error model

The goal of this subsection is to model the horizontal
position estimate error at the Kalman filter output when

the aircraft is static in the airport. The GNSS raw code
pseudo range measurement error vector at time t; is given

by:
Vsat 1,1 Esat 1,code multipath,l
Mz[s + ; l Eq.2
Vsat N,1 Esat N,code multipath,l
vi by
where:

e N is the number of GNSS raw code pseudo range
measurements used in the Kalman filter to estimate the
aircraft position at time t;,

e v; is the GNSS raw code pseudo range measurement
error vector due to the receiver noise ranging error, the

residual satellite clock error and ephemeris errors and
the tropospheric delay estimation error,

e b, is a biases vector that represents the GNSS raw code
multipath ranging errors vector. b, is developed in
Section 11.1.1.

Note that, in Eq.2, the total ranging error is assumed to be
the sum of the ranging errors due to all error contributors.
Eq.2 is true if we consider that the tracking loops can be
approximated by linear models. This assumption is valid
in our application since the ranging errors standard
deviations of the different contributors of errors are
sufficiently low regarding the parameters of the tracking
loops.

From APPENDIX, £p4 nori at time t; follows a Gaussian
distribution characterized by a deterministic vector
denoted as E[€posnorit] (2 X 1) and by a covariance
matrix denoted as cov|€pos horia] (2 X 2):

spos,hori,l ~N (E [spos,hori,l]' Cov[spos,hori,l]) Eq'3

where:

® Cov[spos,hori,l] = Csat&eph,tropo,noise is the horizontal
position estimate error covariance matrix that would
have been obtained if w; = v,

4 E[Epos,hori,l] = ((l - K;x Hl)(Fl—l X E[Xl—l - ifh]) - K x bl)l:z

oK, H and F are the Kalman matrices presented in
APPENDIX, X is the Kalman state vector and X" is the
a posteriori state vector estimated by the Kalman filter,

d E[spos,hori,o] = 031,

e (A),., represents the first 2 lines of vector A,

e (X})1.1 represents the position error in the North
direction at time t;,

o (X),., represents the position error in the east direction
at time t;.

From Eq. 3, the multipath ranging biases vector b,
induces a horizontal deterministic position error
E[€posnoriz] Which is illustrated as follows. Let’s assume
that, during the simulation, the satellite constellation is
considered as fixed. During the period of the simulation,
N = 13 GNSS raw code pseudo range measurements are
used to estimate the static aircraft position. Indeed,
preliminary simulations have shown that the number of
visible satellites in Toulouse Blagnac airport, France,
depends on the instant of the day and varies between 10
and 15 satellites considering a double constellation
GPS+Galileo. The Kalman filter is assumed to be in
steady state during the time period of the simulation.

For t; < tg the 13 GNSS measurements are affected by
multipath from the airport surface and from the aircraft
structure.



From t; = tk, the GNSS signal received from satellite “2”
is suddenly affected by an additional multipath from one
obstacle of the airport until the end of the simulation. This
results in a raw code multipath ranging bias on the pseudo
range from satellite “2” denoted as bg,¢ 2 4/c+ground+obs,-

Hence, from Section 11.1.1., by is given by:

[ bA/C+ground(Elsat 1r AZsat 1) ]

Vi <tgb = : Eq.4
_bA/C+gr0und (Elsat 13, AZgat 13)_
[ bA/C+ground (Elsat 1 AZsat 1) i

v tl > tK: bl — bsat 2,A/C+g.round+0bs,l Eq5
_bA/C+gr0und (Elsat 13 AZsat 13).

Figure 4 represents the evolution of the multipath bias on
the raw code pseudo range measurement between satellite
“2” and the antenna (black line). In this graph, the
transient period of the DLL is neglected and the multipath
bias on the 2™ GNSS measurement is assumed to
converge immediately t0 bgae 2 a/ctground+obs at t = tk.
The effect of the DLL transient state on the deterministic
position error is not detailed in this paper and is left as
future work. The North (blue line) and East (red line)
components of the deterministic position estimate error
vector E[€p0snoria] i the presence of the multipath biases
vector b; are computed based on Eq. 3 and plotted in
Figure 4 as well. Note that the Kalman matrices K, H and
F needed to compute E[€posnoriz] have been obtained by
simulations using the position error simulator represented
in Figure 1.

= North component of E[e 1
—— East component of E[: ]

Muttipath ranging bias on raw
code pseudo range from satellite “2"

Error magnitude [m]

20 a0 50 80 100 120 140
tK tma: Simulation time t, [s]

Figure 4: Deterministic position error in the North and
East directions

As depicted in Figure 4, the deterministic position error in
the North and East directions present few oscillations in
the time domain and converge to final time-constant
values. The amplitude of the oscillations can reach 2 times
the value of the final time-constant value.

The shape of the position error is interpreted as follows.
From Eq.3, E[Epos,hori,l] can be considered as the response
of an equivalent filter to the raw code pseudo range biases

vector by. The coefficients of the equivalent filter depend
on the Kalman matrices K,HandF. Since GNSS
satellites and aircraft are considered as static, since the
expected covariance matrix of the raw code pseudo range
measurement errors is constant during the simulation, and
since the Kalman filter is in steady state, the coefficients
of the equivalent filter remain roughly constant. Hence,
the deterministic position estimate errors in the North and
East directions converge to time-constant values.
Moreover, the transient period of the Kalman filter,
defined in this subsection as the time period between tyg
and the time epoch corresponding to the stabilization of
the deterministic position errors in the time domain, lasts
roughly 30s. This transient time mainly depends on the
expected values of the raw code pseudo range
measurement errors standard deviations that are given to
the Kalman filter. In our simulation, these values are low
(few dm). The Kalman filter mainly “relies on” the
measurement model, the Kalman gain is thus relatively
high, and the transient period is thus relatively long.

11.2. Dynamic Case
11.2.1. Multipath ranging error models

The multipath ranging error models adapted to the
dynamic case and developed in [4] are briefly presented
below. Let’s assume that the aircraft performs a straight
line trajectory with a constant speed in the airport as
represented in Figure 2 (red line).

The values of €coqe muitipatny Nighly depends on  the
multipath sources that induce the error on the pseudo
range measurement between a satellite “j” and the
airborne antenna along the trajectory. As for the static
case, 2 cases can be distinguished and are illustrated in
Figure 2:

- Case (a): the pseudo range measurement is affected by

multipath from the airport surface and the aircraft
structure,

- Case (b) : the pseudo range measurement is affected
by multipath from the airport surface the aircraft
structure and obstacles surrounding the airborne
antenna.

The model of €¢ode multipath, 2l0Ng the trajectory related
to both cases are indicated in Table 3.



Case Model Ofscode multipath,]

Case €code multipath, '€Mains constant since both
(@ elevation angle (El) and fuselage orientation
(Az) remain roughly constant during a straight
line trajectory.

€code multipath] = bA/C+ground(E1, Az)

Case €code multipath, Presents high variations along
(b) the trajectory and is modeled by a stationary
non centered Gaussian law

€code multipath,1 ™

N(bA/C+ground+obs' 0_A/C+ground+obs)

Table 3: raw code multipath ranging errors models in
dynamic configuration

Case (a)

From Table 3, the raw code multipath ranging error due to
multipath from the airport surface and from the aircraft
structure  (Case (a)) is a constant  bias
ba/c+ground (El, Az) along the trajectory. Details about the
value of ba,cigrouna(EL Az) are provided in Section
11.1.1.

Case (b)
The raw code multipath ranging error due to multipath
from the airport surface, the aircraft structure and
obstacle(s) (Case (b)) presents small scales (dm level)
strong amplitude variations (up to m level amplitude)
along the trajectory. This is due to the high spatial
variations of the multipath ranging errors in the airport
area where the field scattered by the illuminated facade of
the obstacle(s) is concentrated [4]. This area is called
“impact zone”. HeNCe €¢ode multipath,1 Can be considered as
a stochastic error. More specifically, [4] shows that
€code multipath, l0Ng a straight line trajectory in an impact
zone follows a stationary Gaussian distribution
characterized by a mean by /c4ground+obs @Nd a standard
deviation
Oa/C+ground+obs- bA/C+ground+obs and Oa/C+ground+obs
mainly depend on:
- The obstacle(s) characteristics (sizes, materials and
shapes),
- The satellite elevation angle (EI),
- The orientation of the facade of the obstacle(s) with
respect to the direction of propagation of the incoming
GNSS signal (B).

Note that El, Az and B are illustrated in Figure 2. Due to
the effect of the DLL on the raw code ranging errors, the
BITOIS  €code multipathy are time-correlated along the
trajectory. In this paper, €coqe muitipathy 1S assumed to
follow a first-order Gauss-Markov process characterized
by an auto-correlation time of the inverse of the DLL
bandwidth, that is to say T = 1s.

11.2.2. Position error model

The goal of this subsection is to model the horizontal
position estimate error at the Kalman filter output when
the aircraft performs a constant-speed straight line
trajectory in the airport in the airport. The GNSS raw
code pseudo range measurement error vector at time t; is
given by:

Vsat 1,1
wl = ‘

Vsat N,1
-

+

Esat 1,code multipath,l
: Eq.6

€sat N,code multipath,l
vi

where:

e N and v, are defined in Section 11.1.2.

® Esat j,code multipath,] = bA/C+ground (Elsatj'AZsatj) is a
deterministic error if the GNSS pseudo range
measurement from satellite “j” to the airborne antenna is
affected by multipath from the airport surface and the
aircraft structure,

® Esat j,code multipath,] = bsatj,A/C+gr0und+0bs + Xsatj,l
Where bgaeja/cground+obs 1S the deterministic part of
€sat j,code multipath,] and
Xsat j1~N(0, Osatja/c+ground+obs) 1S the stochastic part
Of €gatj,code muitipatn,1 if the pseudo range measurement
is also affected by multipath from obstacle(s).

Hence:
W) =V + bl + X]

where:

e b, is a biases vector that represents the deterministic
part of the GNSS raw code multipath ranging errors
vector,

e X represents the stochastic part of the GNSS raw code
multipath ranging errors vector.

From APPENDIX, €p4nori at time t; follows a Gaussian
distribution:

spos,hori,l ~N (E [spos,hori,l] ) Cov[spos,hori,l]) Eq 7

where:
* E[€p05norig] is the deterministic position error vector

induced by the pseudo range biases vector by. Details
about E[€p0s horiy | are provided in Section 11.1.2.

b COV[spos,hori,l] = Csat&eph,tropo,noise + Cmp,l

® Csatgeph,tropo,noiselS defined in in Section 11.1.2

e Cp represents the inflation of the covariance of the

position error due to the presence of stochastic
multipath ranging errors:



Cinp1 = (BiCmpi-1B1" + KiRpp K1
— 2BiE[AX, 1y X Xi-1"|CORR'K/T)
® Rpyp, is the multipath ranging error covariance matrix at
time t,
e CORR, contains the correlation times of the stochastic
multipath ranging errors at time t;,
* B}, AX| mp, K are defined in APPENDIX,

e x is the stochastic part of the multipath ranging error
vector at time t;,

® Conpo = 0252, E[AXgmp X Xo"] = 0,
o E[AX mp X ;"] can be computed by recurrence from
APPENDIX.

Note that Eq.6 and Eq.7 have been derived assuming that
the tracking loops can be approximated by linear models.
As explained in Section 11.1.2, this assumption is valid in
our application.

An important remark is that, in Eq.3 and Eq.7, a model of
the true behavior of the position error is proposed
assuming a sub-optimal Kalman filter. In other words, the
filter does not contain the exact model of the measurement
process. Indeed, the Kalman gain is calculated using a
measurement error covariance matrix that does not contain
the model of multipath errors.

From Eq. 7, the stochastic multipath ranging vector x;
induces an inflation of the horizontal position error
covariance matrix c,,, which is illustrated as follows. Let’s
consider an aircraft performing a straight line trajectory in
an airport. During the simulation, a constant number of
ranging measurements (13) are used to estimate the
aircraft position. The Kalman filter is assumed to be in
steady state.

- For t; <tg 13 GNSS measurements are affected by

multipath from the airport surface and from the aircraft
structure.

- From t; = tg, the GNSS signal received from satellite
“2” is suddenly affected by additional multipath from
one obstacle of the airport until the end of the
simulation. This results in a raw code multipath ranging
error on the pseudo range from satellite “2”

€sat 2,code multipath,l = bsat 2,A/C+ground+obs + Xsat2,1s

Where Xgar21~N(0, Osat 2.4 /C+ground+obs)
0
0 X
Vi <tge,X =|:|andVt = tg, x, = sa'tz,l
0 :
0

Eq.8

Figure 5 represents the evolution of the multipath error
standard deviation on the raw code pseudo range

measurement between satellite “2”” and the antenna (black
line). The North and East components of the position
estimate error covariance Matrix cov|[€poshorit] are
computed based on Equation 7. The square root of the
covariance in the North (blue line) and East (red line)
directions are plotted in Figure 5. Note that the Kalman
matrices K, B and Cgaegeph tropo,noiseN€€ded to compute
cov[€posnoriz] have been obtained by simulations using
the position error simulator represented in Figure 1.
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Figure 5: Position error standard deviations in the North
and East directions

Note that, as for the deterministic position errors, the
position error standard deviations in both North and East
directions become constant after a transient state that
follows the apparition of the stochastic ranging error on
the pseudo range between satellite “2” and the airborne
receiver. An interpretation of this behavior is proposed in
Section 11.1.2.

1. SIMULATIONS RESULTS

In Section 11, the impact of raw code multipath ranging
errors on the position error has been assessed. Multipath
ranging errors have been classified as follows:

- Errors due to multipath from the aircraft structure and
the airport surface. These errors are called “nominal
multipath errors” in the following.

- Errors due to multipath from the aircraft structure,
from the airport surface and from obstacles. They may
affect temporally one or several pseudo range
measurements, regarding the relative location of the
satellites, the aircraft and the obstacles of the airport.
These errors are called “abnormal multipath errors” or
errors  “inconsistent with the nominal error
distribution” in the following.

The main goals of this Section are to assess the accuracy
performance of the positioning algorithm provided in
Figure 1 under nominal conditions and to identify the
multipath faults modes that may occur during surface
operations.

Both accuracy performance analysis and faults modes
identification have been performed assuming particular
models for the nominal errors affecting the inertial
sensors (gyroscopes and accelerometers) measurements



and the GNSS raw code pseudo range measurements.
These errors models are presented in the next subsection.

I11.1. Simulations conditions
111.1.1. Inertial sensors measurements errors

The main errors that affect gyroscopes and accelerometers

measurements are listed as follows [5]:

- The Gaussian gyroscope/accelerometer measurement
noise Nimu,

- The gyroscope/accelerometer bias kg vy,

- The gyroscope/accelerometer scale factor k; vy,

- The gyroscope/accelerometer misalignment misa.

The measured absolute non-gravitational acceleration /

angular velocity of the aircraft expressed in the mobile

frame at time t; can be written as [6]:

Xmeas] = NiMu, + Ko vy, + misa. (I3><3 + kl,IMU)Xtrue,l Eq.9

where:
TC ! !
F —wg  —Wy W ]
. . ! T !
Omlsa=51n| Wy ;_Wq) —Wpo |
l —w' w' I w J
@ 0 2 ]

The values of the parameters describing the errors terms
are provided in Table 4. These values are typical values
used in civil aviation. In Table 4, “Std” stands for standard
deviation.

Source of pseudo
range measurement
error

Standard
deviation [m]

Auto-correlation
time [s]

GNSS receiver noise

Derived from [11]

1 (duetoaDLL
bandwidth of 1Hz)

Tropospheric delay
estimation error

Derived from Section
J.5 of
[8]. [12]

1800 [8] [12]

Satellite clock error and
ephemeris error

Galileo: 0.85 [12]
GPS: 0.85 (expected

3600 [8] [12]

value for future GPS
constellation [13])

Error Value of the parameter describing the error
Gyroscope Accelerometer

NimMu,l Std: 8.08 x 10~ *rad.s~* Std: 9.81 x 10~*m.s~2

Ko 1mu;1 1% order Gauss-Markov process 1% order Gauss-Markov process

Std: 4.85 x 10~ %rad.s™!
Autocorrelation time: 1500s

Std: 9.81 x 10~°m.s ™2
Autocorrelation time: 3000s

K1 1mu Chosen uniformly in Chosen uniformly in
[-5%107¢; +5 x 107¢] [-2.5x1075; +2.5 x 1075]
misa we, W'g, W, \_/v'q,, W w'y, chosen Wo, W'g, We, ‘_N'q;:Wlu_: w'y, chosen
uniformly in uniformly in

[-5x 10~%; +5 x 10~°] [-5x107%; +5 x 107]

Table 4 : Characteristics of the inertial sensors
measurements errors models

111.1.2. GNSS measurements errors

Raw code multipath ranging error models are discussed in
Section I1. For this reason, these models are not presented
in this subsection. The nominal raw code ranging errors
related to the other sources of pseudo range measurement
error are modelled with 15 order Gauss-Markov processes
characterized by a standard deviation and by an auto-
correlation time presented in Table 5.

Table 5: Characteristics of the GNSS raw code pseudo
range measurements errors models

Note that the standard deviation of the GNSS receiver
noise ranging error depends on the C/NO ratio of the
related GNSS signal. The impact of multipath on the
C/NO ratio of each GNSS signal is left as future work.
Hence, in this paper, the impact of multipath on the GNSS
receiver noise error standard deviation is not taken into
account.

111.2. Accuracy performance

The goal of this subsection is to obtain the accuracy
performance of the positioning algorithm presented in
Figure 1 under nominal conditions. The following
methodology has been used. An aircraft is simulated and
located in Toulouse Blagnac airport, France, during a time
period of 48hr. During this time period, the satellites
geometries are simulated with a time step of 15min. For
each satellite geometry:
Epos,North]
Spos,East
computed over few hundred of seconds thanks to the
positioning error simulator presented in Figure 1. The
errors models presented in Section I11.1 are used in
these computations. In addition, in nominal conditions,
raw code pseudo range measurements are affected by
multipath from the airport surface and aircraft structure
described Section 11.1.1. In order to eliminate large (dm
level) multipath ranging errors that appear at low
elevation angles (see Figure 3), a GPS and Galileo
elevation mask angle of 15° has been chosen.
- A large number of independent horizontal positioning

errors are then extracted from the computed errors.

- Horizontal positioning errors €45 nori = [

179490 independent horizontal positioning errors have
been simulated over 48hr. Data are then used to compute
the percentage of the time when |€posnori| €Xceeds the
95% accuracy bound provided in Table 1. The results are
shown in Table 6. Note that Table 6 shows results for both
static and dynamic case since the dynamic of the system
influences the performance of the positioning algorithm.

% of the time |€,0s nori| is below the

) 95% accuracy bound
Operation

Static aircraft ‘ Dynamic aircraft




+ Z P(Mllscode multipath jand €code multipath k)Pocc(scode multipath jand €code multipath k)

jk

(2m/s straight line
trajectories)

Taxi 98.88% 98.87%
Parking on 98.88% 98.87%
the apron

Table 6: Accuracy performance for the static case —
control function

From Table 6, the positioning algorithm used in this paper
allows meeting the accuracy requirements for the static
case and for the dynamic case with a typical speed of the
aircraft in the airport of 2m/s.

111.3. Multipath faults modes identification
111.3.1. Multipath faults definition

In the introductive part, a definition of the multipath faults
is proposed. More specifically, it defines a multipath fault
as a multipath ranging error inconsistent with the nominal
error distribution that can lead to a positioning error larger
than the HAL for a given function/operation. Following
this definition, any multipath error due to signal reflection
from the airport surface, the aircraft structure and
obstacle(s) would be considered as fault. Indeed, any
multipath error inconsistent with the nominal conditions
and combined with nominal errors can potentially lead to a
positioning error larger than the HAL with a probability
that may be extremely small compared to the integrity risk.
In this subsection, a criterion aiming to identify which
multipath ranging errors are considered as faults is
established.

The integrity risk Pig provided in Table 1 is the probability
of providing a position that is out of tolerance without
warning the user within the time-to-alert [7]:

Pr="P ((|£pos'hori| >HAL) & (no detection)) Eq.10

A positioning failure occurs when |€pos hori| > HAL and a
Misleading Information (MI) occurs when: (|€pos hori| >
HAL) & (no detection)) [8]. Hence, Eq.10 becomes:

P =
P(MI | Ho)Pocc(Ho)

+ Z P(MI | €code multipath j)Pocc (Ecode multipath j)
i

+P(MI due to all other conditions)

Eq.11
where:
e P(MI | Hy) is the probability of MI knowing that the
system is under nominal conditions,
e P ..(Hy) is the probability that the system is under
nominal conditions [/op],

® P(MI | €code multipath j) IS the probability of MI knowing
that 1 GNSS pseudo range measurement is affected by
an raw code ranging error €coge multipathj iNCONsistent
with the nominal error distribution,

® Pocc(€code multipatn j) 1S the probability of occurrence of

€code multipath j [/Op]:

b P(Mllscode multipath jand €code multipath k) IS the
probability of MI knowing that 2 GNSS pseudo range
measurements are affected by raw code ranging errors
€code multipath j and €code multipath k inconsistent with the
nominal error distribution,

b Pocc (scode multipath jand €code multipath k) is the
probability of occurrence 0f  €code multipath j @Nd

€code multipath k Simultaneously [/op].

Note that, in Eq.11, the probability of MI due to 3 or more
simultaneous multipath ranging errors inconsistent with
the nominal error distribution is neglected. Indeed, a
preliminary analysis based on simulations shows that, in
Toulouse Blagnac airport, this probability is not
significant with respect to the allowed integrity risks.
However, further investigations are needed to validate this
remark. In this document, only single fault modes and
double faults modes are considered and are defined
below.

Let’s define a single multipath fault as follows. Let’s
denote €coge multipath j @ FaW code multipath ranging error
inconsistent with the nominal error
distribution. €coge multipatn j 1S @ single multipath fault if
the probability of MI due to the combination of
€code multipathj 10 Nominal errors is non-negligible with
respect to the total allowed integrity risk. In the following,
we consider that the probability of MI due to a particular
condition is non-negligible with respect to the integrity
risk if the probability of Ml is equal to or above 10% of
the integrity risk. Based on these definitions, we get:

€code multipath j is a fault if €code multipath j may lead to:

P(MI | €code multipathj)Pocc(scode multipathj) =01x PIR
Eq.12

Since Pycc(Ecode multipath j) 1S NOt available at this stage of
the project, let’s state the following conservative
assumption:

Pocc(scode multipathj) =1/op Eq.13

Based on this previous assumption and considering no
detection algorithms to detect the positioning failures, we
gel: €code multipath j 1S @ faUlt if £co4e mutipatn j CAN lead to:

P( |£pos,hori| > HAL | €code multipathj) =0.1x l:’IR
Eq.14



A similar methodology leads to: Note that the probabilities of positioning failure presented
in Figure 6 have been computed under specific

(£code multipath j» Ecode multipath k) are double faults conditions. These conditions have been chosen in order to
on 2 pseudo range measurements if they can lead to : maximize the value of Pgpge and Pyouple and thus
P(l£pos,hori| > HAL|£code multipathjand €code multipath k) =0.1x PIR constitutes a worst case:

Eq.15 - The selected satellites geometry is the geometry that

maximizes the norm of the horizontal deterministic

111.3.2.1. Static case position error vector |E[€p0snori]| iNduced by nominal

raw code pseudo range measurements biases due to

The raw code ranging errors £coge multipath INCONSistent multipath from the airport surface and aircraft structure.

with the nominal error distribution are errors due to - The pseudo range measurement(s) affected by the

multipath from the airport surface, the aircraft structure abnormal multipath errors are selected in a way so as to

and obstacle(s). These errors are constant biases in the maximize the norm of the horizontal deterministic

static case and are denoted as ba,ciground+obs: FTOM position error vector |E[€posnori]| induced by nominal

Eq.14, in static case, a multipath single ranging fault is a raw code pseudo range measurements biases and by the

bias b c+ground+obs,o that may lead to: single Dbias by ciground+obso OF the biases pair
(bA/C+ground+obs,1' bA/C+ground+obs,2) [10]

l)single =P( |£pos,h0ri| > HAL | bA/C+gr0und+0bs,0) - The time instant after apparition of the single bias

> 0.1 X Pr ba/ctground+obs,0 or of the biases  pair

Eq'16 (bA/C+ground+obs,1' bA/C+ground+obs,2) is given as

follows. From Figure 4, the norm of the horizontal
deterministic position error vector  |E[€poshori]|
oscillates after the apparition of abnormal biases and
becomes roughly constant. The time instant is selected
in a way so as to maximize|E[€poshori]|- AS an

Multipath  double  ranging  faults are  biases
bA/C+gr0und+0bs,1 and bA/C+gr0und+0bs,2 that may lead to:

l:’double = P(lspos,horil > HAl—‘|bA/C+grouncl+obs,1and bA/C+gr0und+obs,2)

2 0.1xPg . . s . -
Eq.17 illustration, this time instant is denoted as t,,, in Figure
4,
Psingle @Nd Pyoupie have been computed for a wide range of o
single biases ba/ciground+obso and biases pairs —og (P )
2 —log, (P_}
(bA/C+gr0und+obs,1' bA/C+gr0und+0bs,2)- Results are shown —l0g,(0.1xPg)
in Figures 6 and 7. The probabilities are provided for -4

control function during taxi. Indeed, in this paper, we do

IOQWO(PSing\e)
=3

not consider the case of a stop during the parking on the :

apron operation. Even if the aircraft can stop during apron 8l

operations, this situation is unlikely to happen and is not

considered here. e !

In these computations, ranging measurements that are not o i

affected by abnormal multipath ranging errors are affected 'm B oMl 35T b

by nominal biases due to multipath from the airport

surface and from the aircraft structure (see Section 11.1.). Figure 6: probability of positioning failure given a bias

In order to reject large nominal biases that appear at low DA scroraundenne o ON @ single pseudo range measurement

elevation angles, a GPS and Galileo elevation mask angle
of 15° has been chosen. In addition, all raw code pseudo
range measurements are affected by nominal stochastic
errors detailed in Section 111.1.2.

€poshori 1S Modeled by a 2 dimension Gaussian law
proposed by Eq.3. The covariance  matrix
Csatgeph,tropo,noise aNd the Kalman matrices are evaluated
by simulations thanks to the simulator presented in Figure
1. The deterministic position error vector E[€poshori] IS
computed based on EQ.3. Psjpgle and Pyoupie are finally
computed from the technique detailed in [9].

— control function during taxi




= ) 5 b m
-10 AC+ground+obs,2 (m] |ng(0 1x PIR)

Figure 7: probability of positioning failure given a pair of
biases (b b on 2 pseudo
range measurements - control during taxi

From Figure 6, ba/c4ground+obso 1S @ single multipath
fault when |ba/c.ground+obsol IS roughly above 5.5m.
Note that Pyjnge is slightly dissymmetric with respect to
the ordinate axis because of the presence of nominal biases
on the pseudo range measurements.

bA/C+ground+obs,1 and bA/C+ground+0bs,2 are double
multipath faults when the biases pair

(bA/C+ground+obs,1' bA/C+ground+obs,2) is located on or
outside from the blue quadrilateral plotted in Figure 8.
Note that the pseudo range measurements affected by the
biases pair are not the same for all pairs. This creates small
discontinuities on the blue line shown in Figure 8.
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(bA/r‘.Lgrmmd.thqg. bAI/(‘-Lgrnnnd-thc,')) that may lead to

Piounie = 0.1 X P — control function during taxi

111.3.2.2. Dynamic case

The raw code ranging errors £coge multipath INCONSistent
with the nominal error distribution are errors due to
multipath from the airport surface, the aircraft structure
and obstacle(s). These errors are stochastic errors in the
dynamic case and follow a Gaussian distribution
characterized by a mean baciground+obs and @ standard
deviation o, /csground+obs: From Eg.14, multipath single
fault in the dynamic case is a multipath ranging error
characterized by a mean baciground+obs and @ standard
deviation 6a/c+ground+obs that may lead to:

IJsingle = P( |Spos,hori|

> HAL | (bA/C+ground+obs' 0_A/C+ground+obs)) 2 0.1 X Pr
Eq.18

Note that the identification of double multipath ranging
faults for the dynamic case is not presented in this paper
and is left as future work.

Psingle is computed and plotted in Figure 9 for the control-
taxi operation and in Figure 10 for the control- parking on
the apron operation. In order to compute Py, the same
methodology as the one presented in Section 111.3.2.2 is
used, knowing that €,45 hori is modeled by a 2 dimension
Gaussian law proposed by Eq.7.

The probabilities of positioning failure presented in

Figures 9 and 10 have been computed under the following

conditions:

- The selected satellites geometry and selected time
instant are detailed in Section 111.3.2.1.

- The pseudo range measurement affected by the
abnormal multipath error is selected in a way so as to
maximize

P( |£pos,hori| > HAL I (bA/C+ground+obs; 0'A/C+gr0und+0bs))-

10810(Pingi)

109,(Pgingie!

0
AC+ground+obs [M]

Figure 9: probability of positioning failure given a

Gaussian ranging error_N(b c
on a single pseudo range measurement — control during
taxi
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The raw code ranging errors €coge multipath 1S @ Multipath
fault when (bA/C+ground+obsr o_A/C+ground+0bs) is located on
or outside from the blue lines plotted in Figure 11 for the
control -taxi operation and in Figure 12 for the control -
parking on the apron operation.
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Note that Pyinge is slightly dissymmetric with respect to
the ordinate axis because of the presence of nominal
biases on the pseudo range measurements.

In addition, the performances of the positioning algorithm
are slightly degraded in the dynamic configuration
compared to the static configuration. For this reason, if

we fix 0_A/C+ground+obs = Om, biases |bA/C+ground+obs|
above 4m are considered as faults in the dynamic case for
control during taxi. In comparison, Section 111.3.2.1
shows that biases |ba/ciground+obs| above 6m are
considered as faults in the static case for control during
taxi.

Finally, the HAL for the apron operation is almost twice
the HAL for the taxi operation. This explains why some

pairs (SUCh as (bA/C+gr0und+0bs = 6m, GA/C+ground+obs =
0.5m)) are considered as faults for the taxi operation and
not for the apron operation.

CONCLUSION AND FUTURE WORKS

In this paper, we have analyzed the impact of raw code
ranging errors due to multipath from the aircraft structure,
from the airport surface and from obstacles surrounding
the airborne antenna on the horizontal position error in
both static and dynamic configurations. Based on this
analysis, we have identified which multipath ranging
errors are considered as multipath faults. In the following,
the obtained results are summarized and future works are
proposed.

The impact of the multipath ranging errors in the
horizontal positioning domain depends on the navigation
algorithm used to estimate the aircraft position. Here we
have considered a GNSS+INS tight coupling Kalman
filter as navigation algorithm. In order to estimate the
horizontal aircraft position, the Kalman filter hybridizes
Galileo and GPS iono free measurements with the
position, velocity and attitude angles estimated by the
INS. Simulations show that this algorithm enables
meeting the accuracy requirements of the control function
for both taxi on the taxiway and parking on the apron
operations.

After the selection of the navigation algorithm, the impact
of the raw code multipath ranging errors on the horizontal
position error has been analyzed. Multipath ranging errors
are classified as follows. Ranging errors due to multipath
from the airport surface and from the aircraft structure are
considered as “nominal” errors. Ranging errors due to
multipath from the airport surface, from the aircraft
structure and from obstacles are considered as errors
“inconsistent with the nominal error distribution”, also
called “abnormal” errors in this paper.

In the static case, nominal and abnormal multipath
ranging errors are biases. In the horizontal positioning
domain, these ranging biases induce 2-dimension (North



and East) deterministic horizontal position errors that
converge to roughly constant values. Nominal multipath
ranging biases lead to few cm deterministic positioning
errors in the North and East directions. Abnormal
multipath ranging biases of few m on one pseudo range
measurement may occur in airport environments [4] and
may lead to few dm deterministic positioning errors in the
North and East directions. Abnormal multipath ranging
biases combined with nominal ranging errors may lead to
horizontal positioning errors larger than the HAL for the
control function that is meter level.

In the dynamic case, nominal raw code multipath ranging
errors remain bias errors while each abnormal multipath
ranging error follows a stationary Gaussian distribution
characterized by a mean by ciground+obs aNd @ standard
deviation o4 ,c4+ground+obs- IN the horizontal positioning
domain, ba/ciground+obs are up to few m in airport
environments [4] and induces 2-dimension (North and
East) deterministic horizontal position errors that may
reach few dm up to 1 meter. 6 c+ground+obs INAUCES an
inflation of the covariance matrix of the horizontal
position error. A multipath ranging error characterized by
a standard deviation of few m on one pseudo range
measurement may occur in airport environments [4] and
may generate an increase of the standard deviation of
positioning error in the North and East directions. More
precisely, the standard deviation of the positioning error
under nominal conditions is roughly 30cm and may be
doubled in the presence of a stochastic multipath ranging
error  characterized with a standard deviation
Oa/C+ground+obs Of 3M. Finally, abnormal multipath errors
influence both the deterministic positioning errors and
variance of positioning errors. This may lead to horizontal
positioning errors larger than the HAL for the control
function that is meter level.

Based on the analysis of the impact of the multipath
ranging errors on the horizontal position error, multipath
faults have been identified. A multipath single fault has
been defined as a raw code multipath ranging error that is
inconsistent with the nominal distribution error and that
may induce a horizontal position error larger than the HAL
with a probability that is non-negligible with respect to the
integrity risk. Similarly, multipath multiple faults are
multiple abnormal multipath errors on multiple ranging
measurements that may induce a horizontal position error
larger than the HAL with a probability that is non-
negligible with respect to the integrity risk. Hence, the
multipath faults identification depends on the pair
function/operation.
In the static case, and for the control function during taxi
operations, simulations results show that:
- a single multipath fault is an abnormal ranging bias
whose absolute value exceeds roughly 5.5m.
- a double multipath fault is a pair of abnormal ranging
biases in a way so as the sum of the absolute value of
each bias of the pair exceeds roughly 5.5m.

Since the aircraft is not likely to stop during parking on
the apron operations, single faults modes during apron
operations in static case have not been identified.

In the dynamic case, a single multipath faults are

characterized by a mean ba,ciground+obs @Nd by a

standard deviation O,/ciground+obs that have been

identified for the control function during taxi operations
and during parking on the apron operations. Simulations
results show that:

- if  ba/crground+obs = Om, the standard deviation
Oa/C+ground+obs Of single multipath faults exceeds 2m
for the taxi operation and 4.4m for the apron operation.

- if 0p/ctground+obs = Om, the absolute value of the
mean by c+ground+obs OF Single multipath faults exceeds
3.2m for the taxi operation and 8.5m for the apron
operation.

This paper proposes an identification of the single and
double multipath faults for the static configuration. It also
proposes an identification of the single multipath faults
for the dynamic configuration. Future works can be
organized as follows. The identification of double
multipath faults for the dynamic configuration has to be
performed. Next, probabilities of occurrence of multipath
faults modes are required in order to define an algorithm
that properly detect the multipath faults. An
understanding of the environmental parameters that
influence the occurrence of multipath faults along a
trajectory in a given airport is necessary to derive
probabilities of occurrence of multipath faults. Finally,
the identification of multipath faults modes and
probabilities of occurrence will represent a basis to
develop an integrity monitoring capable to properly detect
and exclude multipath faults.

APPENDIX

Let’s assume that, during a surface operation, N GNSS

pseudo range measurements are used in the Kalman filter

to estimate the aircraft position. At time epoch t;, each

GNSS pseudo range measurement “satj”, j € [1,N], is

affected by:

- a pseudo range measurement error v, j; that is the sum
of the ranging error resulting from the receiver noise,
the ranging error resulting from the residual satellite
clock error and from ephemeris errors, the ranging error
resulting from the tropospheric delay estimation error.

- if t) > tg, a pseudo range measurement error ug,, ;; that
can be decomposed into:

o A deterministic bias bg,jy,

o A stochastic error xg,j; modeled as a first-order

Gauss-Markov process with an auto-correlation
time Ts,¢; and a standard deviation o,y ;:



Te
— o Tgatj
Xsat il — e st X Xsat jl-1 + T]satj,l for tl > tK

{ Xsatjl = Nsatj) fOr t = tg

where:

o T, is the sampling period of the GNSS pseudo range
measurement estimates,

® Nsacjy IS the noise term normally distributed with a

standard ~ deviation  of oy jfort;=t¢  and

_ 2xTe
Osacj\N 1 — e Tsati for t) > ty.

Let’s compute the deterministic error vector and the
covariance of the positioning error at the Kalman filter
output in the horizontal domain at time t; €p0gnorit- AN
important remark is that, in the following, a model of the
true behavior of the position error is proposed assuming a
sub-optimal Kalman filter. In other words, the filter does
not contain the exact model of the measurement process.
Indeed, the Kalman gain is calculated using a
measurement error covariance matrix that does not contain
the model of multipath errors.

Let’s note X, the state vector at time t; and X the
updated state vector estimated by the Kalman filter at time
t;. The first line of X, represents the position error at time
t; in the Norh direction. The second component of X;
represents the position error at time t; in the East direction:

€pos,hori] = (Xl - il+)1:2 Al

The state vector at time t; is given by the state propagation
equation:

Xl F11><X11+oo11 A2
where:
o F_; is the state transition matrix from epoch t;_; to t,

® w;_4 is the process noise vector at time t;_.

The updated state vector is obtained in the Kalman filter as
follows:
X=X +K x (- H xX;) A3

where:
e K, is the Kalman gain at time t;,
¢ H; is the design matrix at time t;,
e Y, is the measurement vector at time t;, and is given by

the observation model:

Yl Hl X X] + Vi + u A4
where:

Vsat 1,1
oV = :
Vsat N1

sat 1,1
= Xj + bl

usat 11 Xsat 11
Usat N,1 XsatN|1 sat N,
e X; s the a priori state vector estimated by the Kalman
filter at time t;, and is obtained in the Kalman filter as:
X7 =F_g x Xy AS

Equations A.2, A.3, A4, A5in Al lead to:

X, —X{ = A-K xH)(F_; x (Xi-1 — X{"y) A6
+ (1)1_1) - K] X (Vl + X + bl)

Esperance of X; — X;:
From Equation A.6:

E[Xl - )A(fr] = (I—K; x H)(F_q x E[X1—1 - X1+—1] A7
+ E[w_4]) = K; X E[vi + X, + by]

Assuming that the process noise vector is unbiased and
remarking that E[v; + x; + b;] = E[b;] = b; since the N
elements of vjandx; are unbiased, Equation A.7
becomes:

E[X, - X{] = (I - K; x H)(F_; x A8
E[X;-1 = X{4]) — K x by

where:
*E[X,—X§]=0

To conclude we get:

E[“:pos,hori,l] = E[Xl - XT]M e
E[spos,hori,l] = ((I —Kjx Hl)(Fl—l X E[Xl—l - Xr‘l]) A.10
-K; x b')m

where:
*E[X,—X§]=0

Covariance of X; — Xj:
It can be demonstrated by recurrence that:

X, - Xl+ = (Xl - stat&eph,tropo,noise) + AXl,mp All

where:

X, — stat&eph_tmpo_noise corresponds to the error in the
estimation of the state vector if the measurement vector
would have been v,



¢ AXymp = (1= Ky X H)(F_q X AXj_1 mp) — K; X
(x1+by)
o AXgpp = 0

Coming back to the computation of the covariance of
X, — X;, we have from Equation A.11:

COV[XI - Xr] = COV[(XI - erat&eph,tropo,noise) + AXl,mp] A12

Assuming that the noise process w,;, the measurements
errors vectors x; and v, and the error in the estimation of
the state vector X; — )A(fsat&ephltmpo,noise are independent
each other, we get:

COV[XI - Xi‘—] = COV[(XI - X14,—sat&eph,tropo,noise)] + A.13
Cov[AXme]

Let’s compute cov[AX me]:

cov[AXymp| = A4
COV[(F]_I —K; X H; X Fl—l)AXl—l,mp —K; x Xl]

For t; = t, x| can be written as follows:

T,

e Ts:t 1 0 0 Xsat 11-1 Nsat 1,1
w=|"0" © 0 x[ SN } A5
—Te Xsat N,1-1 Nsat N1
Tsa _— T
0 co(:{kl € i X|-1 m
Hence:
cov[AXymp] = cov[(Fi_y — Ky X Hy X Fi_1)AX 1 mp — A.16

K, X (CORR; X X;_1 +M))]

Since m, is independent of AX;_;,, and x;_5, A.16 is
equivalent to:

coV[AXymp| = cOV[By X AX_g p] + cov[K; X CORR; X A17
Xi-1] + cov[K; X my] — 2cov[By X AXj_y mp, Ky X
CORR, X x;_4]
where:

o B] = Fl—l _K] X H] X Fl—l

Equation A.17 is equivalent to:

cov[AXl_mp] = Blcov[AXI_l_mp]BlT + K X cov[x;] x Al7
K," — 2B,E[AX)_1 mp X X1_;T|CORR,"K;"

E[AX)_1mp X X117] can be computed by recurrence.
Indeed, using Equations A.15 and A.11 we get:

E[AX)_gmp X X1-1"] = A.18
By_1E[AX)_3mp X X1 T|CORR)_; " — Kj_; X cov[x;_4]

Finally we get:

coV|[AXmp| = Bicov[AX 1 mp|Bi" + Ky X Rpppy X K;T — A.19
2BE[AX)_1 mp X X1 T|CORR,"K;"

where:
° Bl = Fl—l —_ K] X H] X Fl—l
o E[AXgmp XX%,"] =0
o cov[AXgmp]| =0

¢ Ry = cov[xy]

Te
e_Tsatl 0 0
e CORR,=| 0 =~ 0
Te
0 0 e TsatN

3 v+ .
Let’s compute COV[(XI - Xl,sat&eph,tropo,noise)]'

In order to remove the highest correlated pseudo range
measurement error, that is to say the ranging error
resulting from the residual satellite clock error and from
ephemeris errors, the state-augmented algorithm detailed
in [14] is implemented in the Kalman filter bloc
illustrated in Figure 1.

With the state-augmented algorithm implementation, the
covariance matrix of the positioning error due to v, is
denoted as Cjsatgeph troponoise- NOte that, since the N
GNSS satellites are considered as static during a surface
operation, the standard deviations of the of pseudo range
measurement errors are roughly constant during this time
period. As a consequence, Cgatgeph,troponoise [€MAINS
roughly constant during a surface operation:

(COV[(XI - Xit'sat&eph,tropo,noise)])1:2’1:2 A.20
= Csat&eph,tropo,noise

Conclusion:
Finally the following result has been demonstrated:

z;pos,hori,l"'l\I(E[spos,hori,l]' COV[Spos,hori,l]) A2l
where:
* E[€p0snori1] is given by Equation A.10,
o COV[spos,hori,l] = Csat&eph,tropo,noise + COV[AXl,mp]

, cov[AX, mp | is given by Equation A.19.

1:2;1:2
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