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Abstract

The use of navigation systems in aviation requires a high level of trust in the solution to be used.
Integrity is defined as the measure of the trust that can be placed in the correctness of the information
supplied by a navigation system. There are several architectures that allow to compute the integrity
levels on a solution provided by the system. One of those architectures are the integrity monitoring
techniques called RAIM and these consist in algorithms implemented at the receiver and allow to
measure the integrity level and in case of a faulty satellite that fault is not only detected but the faulty
satellite may be excluded. There are several integrity algorithms, namely the Least-Squares-Residuals
and the Range-Comparison-Method that were analysed in this thesis. Integrity monitoring algorithms
have their performance affected by satellites geometry. Thus, it is important to compare both the
considered algorithms as its performance in different geometry cases. The results show that both
algorithms have similar performances whereby the major difference is at the complexity level, which is
considerable higher in the Range-Comparison-Method case.
Keywords: GPS, Galileo, Integrity, RAIM

1. Introduction

Nowadays various Global Navigation Satellite Sys-
tems (GNSS) are used worldwide providing the user
with its position. Examples of GNSS systems are
the Global Positioning System (GPS) from United
States and Galileo from Europe. These systems
consist in a space segment composed by a satel-
lite constellation, a ground segment constituted by
a network of ground stations that perform the nec-
essary tasks to maintain the proper operation of
the system and a user segment that is composed
by users equipped with a receiver capable of using
signals from the space segment. The applications
of such systems have been increasing in the past
years. As there is a wide range of applications not
all have the same requirements. Some just need
a rough estimate of the user position while others
require significantly more accuracy and integrity.

2. Fundamentals
2.1. Measurement Errors

There are a number of error sources that can cor-
rupt the measurements from each satellite. The er-
rors are often categorized as noise or bias. Noise
generally refers to a quickly varying error that av-
erages to zero over a short period of time. A bias
tends to persist over a period of time.

These sources can be grouped according to their
origin, and can be categorized in three groups [14]:

• Errors in the parameters values broadcast by a
satellite in its navigation message;

• Uncertainties associated with propagation
medium which affect the travel time of the sig-
nal from a satellite to the receiver (includes
ionospheric and tropospheric effects);

• Receiver noise which affects the precision of a
measurement, and interference from signals re-
flected from surfaces in the proximity of the
antenna (includes thermal noise and multipath
effects).

2.1.1 Pseudorange Error Budget
The combination of these errors is known as User
Equivalent Range Error (UERE) and corresponds
to the root-sum-squared of the components that
contribute to measurements errors. These errors are
considered independent Gaussian random variables
[5], thus the UERE can be identically distributed
by the satellites. The value of the system UERE
error is 7.1 meters (1σ).

3. Position determination
Let’s consider

Di =
√

(Xi − xR)2 + (Yi − yR)2 + (Zi − zR)2 (1)

the distance between the satellite i with coordi-
nates (Xi, Yi, Zi), and the receiver with coordinates
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(xR, yR, zR).
GPS receivers receive and decode signals from

satellites with information about their positions, en-
abling the receivers to compute their own position
[10].

Let’s consider t̃R is the nominal time (time indi-
cated by the clock) on the receiver at the time of sig-
nal reception and t̃i the nominal time on the satel-
lite at time of signal output. The time on the satel-
lites is obtained by the set of atomic clocks while
the time on the receiver is obtained by a quartz
clock with a much lower accuracy. The relations
between nominal time and real time ti and tR are
t̃R = tR+∆tR and t̃i = ti+∆ti where ∆ti and ∆tR
are respectively the clock errors of the satellite and
receiver. Generally |∆ti| � |∆tR|.

Pseudorange is a distance measured between the
satellite and the receiver

ρi = (t̃R − t̃i)c (2)

where c is the light speed.
The pseudorange ρi would be equal to the geo-

metric distance Ri if the propagation medium was
vacuum and if there were no clock errors or other
disturbances to the signal propagation. As this is
not the case these distances are not coincident.

To determine the user position (xu, yu, zu) and
clock offset tu, pseudorange measurements are made
relatively to M satellites, with M ≥ 4, resulting in
[10]:

ρi =
√

(Xi − xu)2 + (Yi − yu)2 + (Zi − zu)2 + ctu + εi
(3)

where

ρi : pseudorange
(Xi, Yi, Zi) : coordinates of satellite i
(xu, yu, zy) : coordinates of the user
εi : measurement error associated with

ρi

Generally these errors are considered indepen-
dent, Gaussian, zero mean and equal variance.

As the equations are nonlinear there are several
methods that can be used to obtain a solution,
namely [5]:

1. Bancroft algorithm;

2. Iterative solutions;

3. Kalman filtering.

3.1. Position solution using Kalman Filter
Extended Kalman Filter is frequently used as an
alternative to Least Squares to obtain a solution
for the navigation equation. The observables are
incorporated in discrete time intervals, in this case
of 1 second, and the observation model is linearised

relatively to the best state estimate. The xk state
has five, eight or eleven components (depending on
the model chosen) including two components for the
receiver clock model [16].

The number of space components depends on the
dynamics model chosen. This model is usually cho-
sen according to the type of trajectory expected.
The model used in this thesis was the PV model.
When we have a receiver in motion it is convenient
to use a PV model (position + velocity) with a state
vector dimension of 8 (3 position coordinates + 3
velocity coordinates + 2 clock components).

In the PV model each coordinate is modelled as
an integrated Brownian motion.

A simple clock model is defined as a state vector
with dimension two, in which frequency and phase
show variations of Brownian motion in reasonable
time intervals.

3.1.1 Extended Kalman filter: dynamics
models

The dimensions of the dynamics models depend on
the model used.

PV model The state space equation of the discrete
time model for the xu coordinate is:

[
x1,k+1

x2,k+1

]
=

[
1 ∆t
0 1

] [
x1,k

x2,k

]
+

[
u1,k

u2,k

]
(4)

where the covariance noise matrix is

Qk = E[u1,ku2,k]T [u1,ku2,k] = qv∆t

 (∆t)2

3

∆t

2
∆t

2
1

 (5)

and qv is a selectable parameter.
If xk = [x1,k . . . x8,k]T is the state vector in which

x1,k and x2,k are the position and velocity of the
xu user coordinate, x3,k and x4,k are the position
and velocity of the yu user coordinate and x5,k and
x6,k are the position and velocity of the zu user
coordinate, the dynamics model in discrete time is
given by

x1,k+1

x2,k+1

x3,k+1

x4,k+1

x5,k+1

x6,k+1

x7,k+1

x8,k+1


=



1 ∆t
1 0

1 ∆t
1

1 ∆t
1

0 1 ∆t
1


︸ ︷︷ ︸

Φk



x1,k

x2,k

x3,k

x4,k

x5,k

x6,k

x7,k

x8,k


+



u1,k

u2,k

u3,k

u4,k

u5,k

u6,k

u7,k

u8,k


(6)

where Φk is the dynamics matrix.

3.1.2 Extended Kalman filter: observations
model

The dynamics equations are linear for the dynamics
model implemented, but the observation’s equation

zk = h[x(tk)] + vk (7)
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is nonlinear. In (7) zk = [ρ1,k . . . ρn,k]T , with n ≥ 4,
is the measured pseudoranges vector and

h[x] =


√

(x̃1 − xa)2 + (ỹ1 − xb)2 + (z̃1 − xc)2 + xd
...√

(x̃n − xa)2 + (ỹn − xb)2 + (z̃n − xc)2 + xd


(8)

where x̃i, ỹi and z̃i are the satellite coordinates of
the i satellite, with i = 1, . . . , n and xa, xb, xc and
xd are the state vector components of xu, yu, zu
and xφc. The covariance noise matrix of the obser-
vations is

Rk =


σ2

1,UERE 0

σ2
2,UERE

...
0 σ2

n,UERE


(9)

If all the variances of the several pseudoranges are
equal to σ2

UERE , Rk will be given by

Rk = σ2
UERE × I (10)

The observation’s matrix of the generalised
Kalman filter is

Hk =

[
∂hi[x̂(k | k − 1)]

∂xj

]
(n×l)

(11)

where n is the satellite number and l is the state vec-
tor dimension, depending on the dynamics model
adopted. For the PV model l = 8

Hk = −

 ax1 0 ay1 0 az1 0 −1 0
...

...
...

...
...

...
...

...
axn 0 ayn 0 azn 0 −1 0

 (12)

where axi = x̃i−x̂u
r̂i

, ayi = ỹi−ŷu
r̂i

and azi = z̃i−ẑu
r̂i

with

r̂i =
√

(x̃i − x̂u)2 + (ỹi − ŷu)2 + (z̃i − ẑu)2 (13)

and

[x̂u ŷu ẑu]
T

= [x̂u(k | k − 1) ŷu(k | k − 1) ẑu(k | k − 1)]
T

(14)

4. Integrity
The positioning estimates obtained with a GNSS
system are not absolutely accurate. Besides the er-
rors discussed in section 2.1 some other malfunc-
tions can lead to bigger errors that could compro-
mise the navigation solution.

In civil aviation strict requirements are imposed
on levels of precision, integrity, continuity and avail-
ability of the service. Integrity is the measure of the
trust that can be placed in the correctness of the
information supplied by a navigation system and
includes the ability of the system to provide timely
warnings to the user when the service should not be
used [13]. Integrity is defined by the integrity risk,
time to alert and alert limit requirements [15]:

• Integrity Risk: Is the probability of an un-
detected failure of specified accuracy. It is ex-
pressed per hour or per operation.

A position failure is defined to occur whenever
the position solution error exceeds the appli-
cable xPL or xAL (if the equipment is aware
of the navigation mode). xPL stands for Hor-
izontal or Vertical Protection Level and xAL
stands for Horizontal or Vertical Alert Limit.

• Time to Alert: It is the maximum allow-
able time interval between system performance
ceasing to meet operational performance limits
and the appropriate integrity monitoring sub-
system providing an alert.

• Alert Limits: For each phase of flight, to en-
sure that position error is acceptable, alert lim-
its are defined that represent the largest posi-
tion error which result in a safe operation.

Integrity is one of the most essential aspects in
navigation as abnormal positioning results would
reflect in safety. Integrity anomalies are a rare oc-
currence, accounting only for a couple of times a
year, but can be critical especially in aviation. The
three main sources of errors that could lead to in-
tegrity problems are: satellite clocks, ephemeris er-
rors and faults of main control station [10].

Ground Segment of GNSS systems controls the
health status of the satellites to ensure that mes-
sages do not degrade beyond specified operational
tolerances. However not all satellites are visible all
the time by control stations so an anomaly in one
of the satellites could take up to a few hours to be
identified and disseminated by the control segment
[8]. To overcome these limitations there are several
integrity architectures to provide integrity to criti-
cal applications like aviation. Three different archi-
tectures have been proposed to provide integrity to
the aviation community [4]:

• SBAS - Satellite-Based Augmentation System

• GBAS - Ground base augmentation System

• ABAS- Aircraft-Based Augmentation System

– RAIM - Receiver Autonomous Integrity
Monitoring

– AAIM - Airborne Autonomous Integrity
Monitoring

4.1. RAIM
RAIM is a user algorithm that determines the in-
tegrity of the GNSS solution. When more satel-
lites are available than needed to have a position
fix (satellite number > 4), the extra pseudoranges
should be consistent with the computed position.
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If the pseudorange from one satellite differs signif-
icantly from the expected value some fault may be
associated with it or with another signal integrity
problem. A key assumption usually made in RAIM
algorithms for civil aviation is that only one satel-
lite may be faulty, mainly because the probability
of multiple satellite failures is negligible [8].

In order for a receiver to use a RAIM algorithm
it is necessary to have a minimum of five visible
satellites with a good geometry. With five satellites
available we can use an algorithm called Fault De-
tection (FD). If six or more satellites are available
we can use a more sophisticated algorithm called
Fault Detection and Exclusion (FDE).

4.1.1 FD
Fault detection algorithm can be used with only
five satellites visible. With five satellites available
we can make five subsets of four satellites. The po-
sition solutions obtained by the various subsets are
analysed for consistency, and an alert is provided
if that consistency check fails. With this technique
the receiver only detects an anomaly but the satel-
lite in question is not identified.

Exemplifying, let’s suppose 5 satellites are avail-
able: Satellites (1, 2, 3, 4, 5). Let’s assume that
satellite 1 is faulty. With these 5 satellites, 5 subsets
of 4 are possible:

Subset index Subset Solution

1 1,2,3,4 Faulty
2 1,2,3,5 Faulty
3 1,2,4,5 Faulty
4 1,3,4,5 Faulty
5 2,3,4,5 Correct

Table 1: Subsets of the available 5 satellites

If satellite 1 is faulty only the last subset would al-
low to compute the correct user position but RAIM
algorithms cannot be used in these subsets, as at
least 5 satellites are needed because with 4 satel-
lites there would be no redundancy, so no exclu-
sion can be performed. The navigation solutions
obtained with 5 subsets are not consistent among
themselves: they lead to different results. However,
the RAIM algorithm is not able to decide which is
the right solution.

4.1.2 FDE
A more sophisticated algorithm is FDE. To use this
algorithm a minimum of six visible satellites are
needed, not only to detect a fault but also exclude
the faulty satellite from the solution. In fact the
big difference from the FD algorithm is that, as the
faulty satellite is excluded, navigation can continue
without interruption.

Exemplifying, let’s suppose 6 satellites are avail-

able: Satellites (1, 2, 3, 4, 5, 6). Let’s assume that
satellite 1 is faulty. With these 6 satellites 6 sub-
sets of 5 are possible:

Subset index Subset Solution

1 1,2,3,4,5 Faulty
2 1,2,3,4,6 Faulty
3 1,2,3,5,6 Faulty
4 1,2,4,5,6 Faulty
5 1,3,4,5,6 Faulty
6 2,3,4,5,6 Correct

Table 2: Subsets of the available 6 satellites

If satellite 1 is faulty, again, only the last solution
would allow to compute the right position in a con-
sistent way. To get to this conclusion the algorithm
should analyse the (n − 1) subsets and search for
subsets without fault detection condition, using the
test statistics for the subsets. Since the faulty satel-
lite is included in all subsets but one, only one sub-
set, (2, 3, 4, 5, 6), is free from the error of the faulty
satellite and leads to 5 consistent navigation solu-
tions. Concluding this, the satellite missing from
the subset that does not have the fault condition is
identified as the faulty satellite and exclusion can
be performed [6].

4.1.3 RAIM algorithms
There are a variety of RAIM algorithms but all
those algorithms include the following functions:

1. Have an observable discriminator called test
statistic, which shows the effect of a faulty mea-
surement with a bias error;

2. Know the likely noise in the system and their
interactions with the test statistic, so that
the relationship between the test statistic and
the faulty measurement can be statistically de-
scribed;

3. Establish a fault-free limit for the test statis-
tic which will only, rarely, be exceeded by the
observed test statistic when there is no faulty
measurement. This fault-free limit, called the
detection threshold, is typically based on a spe-
cific false alarm probability for the particular
RAIM application;

4. Perform the detection test by comparing the
observed test statistic against the detection
threshold, meaning:

• if the test statistic is less than the limit,
then declare that no fault is present;

• if the test statistic is equal to or greater
than the limit, then declare that a fault
has been detected and issue an integrity
alarm.
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5. In case of a fault, depending on the satellites
available, two techniques can be applied:

• If only 4 satellites are available integrity
cannot be provided as at least 5 satellites
are needed;

• If 5 satellites are available fault detection
can be performed;

• If 6 or more satellites are available fault
detection and exclusion can be performed.

6. Compute the protection levels (This step is op-
tional and not taken into account in this the-
sis).

The two methods that are being analysed and
performance tested in this thesis are the Least-
Square Residuals and the Range Comparison
Method. The analysis is partially based on [9].

Least-Squares-Residuals (LSR) Considering
noisy pseudoranges from n satellites to be given by

y =

 U1

...
Un

+

 ε1
...
εn

 (15)

and the pseudorange from the satellite i is given by

Ui =
√

(Xi − xu)2 + (Yi − yu)2 + (Zi − zu)2 +c∆T
(16)

Considering (15) and (16) the corresponding in-
cremental equations is

∆y = G∆x+ ε (17)

with ε = [ε1 . . . εn].
The incremental solution corresponding to (17) is

∆x = (GTG)−1GT∆y (18)

Thus, the least squares solution is

x̂ls = x̂pred + (GTG)−1GT (y − ŷpred) (19)

where x̂pred and ŷpred are respectively the pre-
dicted position and corresponding pseudorange vec-
tor, and G is the linearised measurement connection
matrix which consists of the line-of-sight (LOS) vec-
tors to the satellites, with ones in the fourth column
corresponding to the clock bias [2].

The pseudorange vector may be reconstructed
from (19) as

ŷ = ŷpred +G(x̂ls − x̂pred)
= ŷpred +G(GTG)−1GT (y − ŷpred)

(20)

and the residuals w ≡ y − ŷ result from

w = y − ŷpred −G(GTG)−1GT (y − ŷpred)
= [I −G(GTG)−1GT ](y − ŷpred)

(21)

We can obtain the sum of the squared errors from
the residuals by

SSE = wTw = εTS2ε = εTSε (22)

Consider the test statistic

t =

√
SSE

n− 4
(23)

Fault detection is based on the hypothesis testing
where the decision variable t is tested against an
alert threshold λ. The decision criteria is{

t ≥ λ→ fault
t < λ→ no fault

(24)

Range-Comparison Method (RCM) Another
method to provide integrity considered in this thesis
is the Range comparison method. With two meth-
ods one can validate the results and compare their
performance.

Consider we use n satellites measurements

y =

 ỹ
· · ·
y̆

 (25)

where

ỹ =

 y1

...
y4

 , y̆ =

 y5

...
yn

 (26)

In this method the position is solved for the first
four measurements ỹ where the order of the n equa-
tions is immaterial [2]. The resulting solution is
then used to predict the remaining n − 4 measure-
ments and the predicted values are compared with
the actual measured y̆. If the n − 4 residuals are
small, we will have near-consistency in the measure-
ments and the algorithm will declare no failure. On
the contrary if one or several residuals are large, it
will declare failure [2].

Let matrix G be partitioned as

G =

 G̃
· · ·
Ğ

 (27)

with G̃(4× 4) and Ğ((n− 4)× 4). Then according
to (21) ŷ1

...
ŷ4

 =

 ŷ1,pred

...
ŷ4,pred

+ G̃(x̂ls − x̂pred) (28)

and ŷ5

...
ŷn

 =

 ŷ5,pred

...
ŷn,pred

+ Ğ(x̂ls − x̂pred) (29)
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As

x̂ls = x̂pred + G̃−1


 y1

...
y4

−
 ŷ1,pred

...
ŷ4,pred


 (30)

then ŷ5

...
ŷn

 =

 ŷ5,pred

...
ŷn,pred

+H


 y1

...
y4

−
 ŷ1,pred

...
ŷ4,pred




(31)
where H((n− 4)× 4) is defined as

H = ĞG̃−1 (32)

Solution for n = 5 satellites Let us now con-
sider the case when 5 satellites are used in the RCM
method. In this case matrix G̃ is (4 × 4) and Ğ is
(1× 4). Given (32), matrix H is defined by

H =
[
h11 h12 h13 h14

]
(33)

In this case, the residuals vector w is reduced to
a scalar w1 we have

σ2
1 = E{w2

1} = σ2(HHT + 1) = σ2

(
1 +

4∑
i=1

h2
1i

)
(34)

The probability density function of w1 in the ab-
sence of any satellite malfunction is

pw(w1) =
1√

2πσ2
1

exp

(
− w2

1

2σ2
1

)
(35)

Let us now consider the decision rule that divides
the real axis in three distinct regions, |w1| < λ1,
corresponding to the hypothesis of no-failure, and
|w1| ≥ λ1, corresponding to the hypothesis of satel-
lite failure. This decision rule is illustrated in figure
1.

−λ1 0 λ1
w1

Fault No Fault Fault

Figure 1: Decision rule for the Range-Comparison
Method when 5 satellites are used

The probability of false alarm is

Pfa = 1−
∫ λ1

−λ1

pw(w1)dw1 = 2Q

(
λ1

σ1

)
(36)

Solution for n = 6 satellites Let us now con-
sider the case when 6 satellites are used in the RCM
method. In this case matrix G̃ is (4 × 4) and Ğ is
(2× 4). Given (32), matrix H is defined by

H =

[
h11 h12 h13 h14

h21 h22 h23 h24

]
(37)

In this case the Gaussian vector of residuals is
given by w =

[
w1 w2

]
. In a no-fault scenario

the covariance matrix is

E{wwT } = σ2[HHT + I] =

[
σ2

1 ρσ1σ2

ρσ1σ2 σ2
2

]
(38)

where

σ2
1 = σ2

(
1 +

4∑
i=1

h2
1i

)
(39)

σ2
2 = σ2

(
1 +

4∑
i=1

h2
2i

)
(40)

and the correlation coefficient is

ρ =

∑4
i=1 h1ih2i√

1 +
∑4
i=1 h

2
1i

√
1 +

∑4
i=1 h

2
1i

(41)

The integral of the joint probability density func-
tion of pw(w1, w2) over an area A, is bounded by
the ellipse(w1

σ1

)2

− 2ρw1w2

σ1σ2
+

(
w2

σ2

)2

= α2(1− ρ2) (42)

is given by [7]∫ ∫
A

pw(w1, w2)dw1dw2 = 1− exp

(
−α

2

2

)
(43)

Let us now consider a decision rule that divides
the plane into two distinct regions, one hypothesis
corresponding to no failure and other the to failure.
A common way to choose the decision boundary is
to let it be an equal probability density contour,
conditioned to the assumption of no satellite mal-
function, according to (42) [2].

The probability of false alarm is

pfa = 1−
∫ ∫

A

pw(w1w2)dw1dw2 = exp

(
−α

2

2

)
(44)

such that the failure/no failure decision boundary
is given by (42), that is(
w1

σ1

)
− 2ρw1w2

σ1σ2
+

(
w2

σ2

)2

= −2(1− ρ2)ln(Pfa)

(45)

4.2. Integrity in Galileo
The integrity concept introduced by Galileo consists
in providing the users with data enabling them to
monitor their integrity level.

Galileo has the capability to monitor the satellite
behaviour through its complex global distributed
ground network consisting of more than 30 sensor
stations. Taking these measurements into account,
satellite failures (due to orbit or clock inaccuracies)
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can be detected and alerts can be disseminated to
the user.

The SoL service is particularly studied since it is
the one to provide users with integrity information.
The nature of the provided information consists in
three parameters per satellite:

• Signal-In-Space Accuracy (SISA)

• Signal-In-Space Monitoring Accuracy (SISMA)

• Integrity Flag (IF)

These three parameters relate to Signal-In-Space
Error (SISE) [11] [3].

A particular algorithm has been introduced in
[12] to make best use from the integrity data pro-
vided in the Safety-of-Life service. The analysis of
this topic follows essentially [15].

The final expression of the global (i.e taking into
account vertical and horizontal errors, in both fault-
free and faulty cases) integrity risk PIR at the alert
limits HAL and VAL is [15]:

PIR(HAL, V AL) = PIR,V + PIR,H

= 1− erf

(
V AL√
2σV,FF

)
+ exp

−HAL2

ξ2
FF

+
1

2

N∑
j=1

PSatFail,j

((
1− erf

(
V AL+ µV,j√

2σV,j,FM

))
+

(
1− erf

(
V AL− µV,j√

2σV,j,FM

)))

+

N∑
j=1

PSatFail,j

(
1− Sχ2

2,δj

(
HAL2

ξ2
FM

))
(46)

5. Computer Simulation Procedure
To perform the computer simulations a GPS con-
stellation was simulated with parameters used from
YUMA almanac file format. After the definition of
the GPS constellation and after the user position is
defined, the satellites with an elevation angle above
10◦ are considered visible.

To be able to perform detection and exclusion a
set of 6 satellites is chosen with the lowest GDOP
value, to achieve lower error in position results. Af-
ter the selection of the 6 satellites a trajectory is
simulated and the user position is calculated, the
test statistic t is calculated and compared to the
threshold λ. The results from this comparison can
be grouped according:

• No faulty satellites

1. If t < λ we have a normal operation with
probability of 1− Pfa

2. If t ≥ λ we have a false alarm with prob-
ability Pfa.

• Presence of a faulty satellite

1. If t ≥ λ we have an integrity alarm with
probability 1− Pmd;

2. If t < λ we have a missed detection with
probability of Pmd.

5.1. Computer Simulation Results
5.1.1 RAIM Algorithms Performance

Analysis
To measure and compare the performance of the
RAIM algorithms discussed in section 4.1.3 a series
of Monte Carlo simulations are performed.

To investigate the probability of error detection,
two types of error can be induced to the measure-
ments [6]:

• A slow ramp;

• A step error.

To test both algorithms, two epochs were used. The
first epoch was on 22/01/2015 at 16:40 and the sec-
ond on 22/01/2015 at 19:20. The purpose of using
two epochs is to test two distinct geometries to see
how the two algorithms perform under different test
scenarios.

Performance analysis with no error To test
the false alert requirement the algorithms should
run without any positioning failure induced, since
the false alarm probability assumes that no real po-
sitioning failure is present.

The results from this test for both methods
showed that the experimental Pfa was very simi-
lar to the theoretical value. The small discrepancy
found can be due to the finite number of runs which
can influence the final result.

Performance analysis with error induced To
test the detection capability of the algorithms an
error is induced to the measurements as referred in
section 5.1.1.

The first test to be performed is the detection
test with several values of step errors. To perform
this test two epochs are analysed and each satellite
in the subset will have a step error induced to their
measurements at a time.

In cases of poor satellite geometry DOP values
get large and the navigation accuracy degrades.
A similar effect occurs with RAIM algorithms [1].
When the satellite geometry is poor the perfor-
mance of the integrity monitoring algorithms de-
grade and large navigation errors can occur be-
fore they are detected, so it is important to un-
derstand how the detection capabilities of the algo-
rithms varies depending on the satellite affected by
the error.

Various criteria have been used for evaluating the
quality of the satellite geometry for detection pur-
poses [2]. The method used in this thesis is the
SLOPEmax method. The first simulation test was
performed on 22/01/2015 at 16:40. At this time
satellites 5, 13, 15, 21, 24, 28, 30 were visible and
the subset of 6 satellites with lowest GDOP value
was 5, 13, 15, 21, 24, 30 with a correspondent
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GDOP of 2.3793. Let us now analyse the results
with LSR method for this test. These results are
shown in figure 2.
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Figure 2: Detection probability versus error for LSR
method

From the analysis of figure 2 we conclude that
satellite 6 (corresponding to satellite ID 30) is the
least sensitive to errors. This is easily noticeable
because for the same amount of error induced in
the various satellites of the subset, satellite 6 is the
one that requires a larger error to reach 100% prob-
ability of detection.

Lets now analyse the results with Range Com-
parison Method for this same test. These results
are shown in figure 3.
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Figure 3: Detection probability versus error for
RCM method

From the analysis of figure 3 we can see that
the results are very similar for all the satellites.
This lead us to conclude that the two methods are
equally sensitive to induced errors in the measure-
ments and that the methods are also equally sensi-
tive to satellite geometry.

In figure 4 the probability of detection difference
between the two methods is shown.

It’s easily understandable that the differences are
marginal and that the two methods have a very sim-
ilar performance in the detection test. Also, these
small differences that are verified may be associated
with the limited number of runs that each test used.

After introducing these errors to test the algo-
rithms for detection capabilities, a test of exclusion
of the faulty satellites was performed for the first
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Figure 4: Detection probability difference between
RCM and LSR method for the first epoch

test case. The method behind the exclusion of the
faulty satellite was previously discussed in section
4.1.2. The results from this test are shown in figure
5.
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Figure 5: First exclusion simulation for LSR
method

From the analysis of figure 5 we understand that
the values of error that lead us to an exclusion
level of 100% are substantially higher than the ones
needed for detection only. This is due to the fact
that for a satellite to get successfully excluded, that
satellite has to be declared as faulty in all subsets,
as explained in section 4.1.2. Actually, some sub-
sets may have such geometries that large errors are
needed for a detection to happen and that leads to
large errors for the exclusion process.

For the test carried out on 22/01/2015 at 19:20,
where conditions are slightly similar among the
satellites, detection tests are performed for both
methods.

The results from detection test for the LSR
method are shown in figure 6.

From figure 6 we can confirm that in this case all
satellites require similar values of error for the same
detection probability to be obtained.

This same test was repeated for range comparison
method and the results from this detection test are
shown in figure 7.

As expected from previous comparatives between
these two methods the results are very similar, and
some of the residual differences may be due to the
limited number of runs. This result increases our
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Figure 6: Second detection simulation for LSR
method
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Figure 7: Second detection simulation for RCM
method

confidence in saying that the two methods show the
same sensitiveness to errors and satellite geometry
as for epoch 1 the results were also very similar
between the two methods.

Let us now analyse the results from an induced
ramp error to the measurements. These tests will
be relative to first epoch.

Two tests will be performed: one with a ramp
with a slope of 1m/s and another with a slope of
0.1m/s.

Starting with the higher slope ramp the results in
terms of time of first detection are shown in table
3.

Mean first time detection Standard deviation

Satellite 1 36.29 7.38

Satellite 2 34.34 6.58

Satellite 3 30.31 6.12

Satellite 4 34.92 5.6

Satellite 5 36.96 7.03

Satellite 6 80.53 15.79

Table 3: Mean first detection time for LSR method
(ramp 1 m/s)

From table 3 we can understand that for the first
5 satellites the first detections occur, in mean, a few
moments after 30 seconds. As the slope of the error
is 1m/s this corresponds to a mean value of error
of about 30 meters. These values are according to
the expected, as in figure 2 the first magnitude of

errors that are being detected are errors of about 30
meters for the first 5 satellites. For the last satellite
the mean value of first detection comes much later
in time as for this satellite in this specific geome-
try a much larger error is needed for it to be de-
tected. The standard deviation values around the
first detection gives us one idea of how much cen-
tered about the first detection time the detection
is.

In figure 8 an illustration of the test statistic vari-
ation with this ramp error is shown.
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Figure 8: Test statistic variation over a ramp error
of 1 m/s

The same test was performed for Range Compar-
ison Method and the results are presented in table
4.

Mean first time detection Standard deviation

Satellite 1 37.16 6.32

Satellite 2 34.2 5.83

Satellite 3 29.16 5.58

Satellite 4 35.2 6.7

Satellite 5 39.14 6.98

Satellite 6 79.73 14.27

Table 4: Mean first detection time for RCM method
(ramp 1 m/s)

From the analysis of table 4 we can conclude that,
as expected from the results from previous tests,
results are identical to those obtained with the LSR
method. Slightly variations on the values reflect the
limited number of simulations performed.

For the ramp bias with a slope of 0.1 m/s the two
methods were also tested. The results for LSR are
shown in table 5.

The results from table 5 show an obvious higher
time to first detection as the slope is now 0.1 m/s.
While with a slope of 1 m/s the magnitude of er-
ror for first detection was about 30 meters, for this
slope we have a lower value of about 23 meters
(∼ 230s× 0.1m/s). This can be explained because
as the slope is lower more points of the test statis-
tic will be near the threshold, so is more probable
that any point near it, due to random noise, can
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Mean first time detection Standard deviation

Satellite 1 260.5 60.22

Satellite 2 223.6 48.79

Satellite 3 201.4 44

Satellite 4 239.5 55

Satellite 5 243 54

Satellite 6 513.4 139.4

Table 5: Mean first detection time for LSR method
(ramp 0.1 m/s)

break the threshold counting for a earlier detection
when compared to the higher slope. This fact is
illustrated in figure 9.
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Figure 9: Test statistic variation over a ramp error
of 0.1 m/s

This same test was also performed for the Range
Comparison Method. For this method the results
are shown in table 6.

Mean first time detection Standard deviation

Satellite 1 258.1 64.87

Satellite 2 226.3 53.84

Satellite 3 201.5 40.67

Satellite 4 234 57.3

Satellite 5 241 57.3

Satellite 6 502.9 125.7

Table 6: Mean first detection time for RCM method
(ramp 0.1 m/s)

The values of table 6 show us very similar re-
sults comparing to the equivalent test performed
with LSR which validates, once again, that the two
methods have very similar performances even for
slope errors.

6. Conclusions

The objectives of this thesis were to study and
make a comparison of two algorithms implemented
to provide receiver autonomous integrity. To make
this study a GPS constellation was simulated from
YUMA almanac parameters. The position solution
from that trajectory was obtained using a Kalman
filter. To test the performance of the algorithms a

subset of 6 satellites with the best GDOP param-
eter was chosen among the visible satellites at the
time of simulation. Two epochs were considered
to test different geometries and to study how those
differences could affect the algorithms performance.

Two two algorithms studied have different ap-
proaches to achieve the solution. The Least-Square-
Residuals uses the estimated position solution from
all satellites in the subset to predict the six measure-
ments. The sum of squares of residuals is calculated
and used as test statistic. In the range comparison
method with 6 satellites in the subset the first 4 are
used to obtain a solution and then that solution is
used to predict the remaining 2 measurements.

Regardless of the different approaches of the two
methods studied, the results from the simulation
showed that the performance of both methods are
almost identical in the various tests for the different
geometries studied. The small differences verified
are negligible and besides they can be also affected
by the limited number of runs performed in each
test.

The Least-Squares-Residuals RAIM method is
specially simple in its implementation because the
test statistic is a scalar regardless of the number
of satellites in use. For the Range-Comparison-
Method such is not the case and the implementa-
tion complexity raises as we use more satellites in
the subset as the decision rule divides the plane in
more regions to test the failure hypotheses.

As the Range-Comparison-Method showed no ad-
vantages in the tested cases, the Least-Squares-
Residuals method is recommended because its per-
formance is identical and the implementation is con-
siderably less complex.
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