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Abstract— This paper introduces new monitors for the detection 

of orbit ephemeris faults affecting differential carrier phase 

measurements in a shipboard aircraft landing application.  Two 

shipboard monitors are first designed.  While they provide high 

detection performance against two targeted fault types, they are 

ineffective against the other types of orbit ephemeris faults.  In 

response, to protect the user against the entire threat space, a 

new airborne receiver autonomous integrity monitoring (RAIM) 

algorithm is developed.  This ‘unified’ RAIM approach (URAIM) 

exploits both differential RAIM (which is most efficient at air-

ship separation distances larger than 5 nmi) and relative RAIM 

(which, in contrast, performs better as the aircraft approaches 

the ship).   Performance evaluations demonstrate URAIM’s 

potential to detect all types of orbit ephemeris faults using a 
single, unified residual-based RAIM method. 

Keywords-integrity monitor; fault detection; RAIM; orbit 

ephemeris fault;  

I.  INTRODUCTION 

This paper describes the design, analysis and evaluation of 
new shipboard and airborne monitors derived for the detection 
of orbit ephemeris faults.  The proposed algorithms are 
intended for aircraft precision approach and shipboard landing 
applications.  Prior research has shown that stringent accuracy 
and fault-free integrity requirements could be fulfilled using 
carrier phase differential GPS signals [1].  These 
measurements are vulnerable to rare-event faults such as 
satellite failures, which must be robustly detected to ensure the 
navigation system’s integrity.   

Rare-event faults can represent a serious threat to the 
integrity of carrier phase differential GPS.  For instance, on 
April 10, 2007, a GPS satellite maneuver was initiated while 
the satellite health flag remained set to healthy in the 
navigation message [2].  The satellite position error reached 
700 m, which could have caused differential ranging errors to 
exceed several decimeters over a baseline distance (or user-to-
reference separation distance) shorter than 5 km.  Decimeter 
level errors are significant with regard to the stringent alert 
limit requirements specified in shipboard landing applications.   

To mitigate the impact of orbit ephemeris faults, monitors 
used in the Local Area Augmentation System (LAAS) are first 
investigated.  Faults caused by blundered ephemerides in the 
absence of spacecraft maneuvers can potentially be detected 

using the LAAS Type B monitor [3], which does not require 
actual measurements.  In contrast, LAAS monitors against 
faults involving a maneuver [4] cannot be used in this 
application.  The LAAS range and range rate monitors assume 
a static reference antenna at an accurately known location, 
which is not the case of the shipboard antenna.   

Therefore, in the first part of this work, we derive a new 
standalone shipboard monitor (SSM) which processes 
ionospheric-error-free code measurements using a range-
comparison approach.  Performance analyses show that the 
SSM can be efficient against faults of the same type as the 
April 2010 incident.  Unfortunately, the SSM fails to meet the 
integrity risk requirement in the presence of the other types of 
orbit ephemeris faults, which are detailed in Sec. 2-B of this 
paper. 

In response, a new algorithm based on receiver 
autonomous integrity monitoring (RAIM) is developed.  It 
unifies two complementary methods of differential RAIM (or 
DRAIM) and relative RAIM (RRAIM).  In DRAIM, as the 
aircraft approaches the ship’s reference antenna, the fault’s 
impact on the detection test statistic decreases.  Therefore, 
DRAIM is most effective at the start of the aircraft approach, 
when the plane is far from the ship.  But, its detection 
capability decreases as the aircraft approaches the crucial 
touch-down point.   

As a complement to DRAIM, the RRAIM approach is 
developed [5].  RRAIM uses measurements that are 
differenced over time.  The time-difference creates a synthetic 
baseline, which increases as the aircraft approaches the ship.  
As a result, the fault impact on the detection test statistic is 
small at the start of the approach, but it increases as the 
aircraft comes closer to touch-down.  Therefore, DRAIM and 
RRAIM complement each other.   

One major challenge when trying to implement RRAIM is 
the evaluation of the integrity risk, which is essential to 
determine whether an approach can be safely initiated or 
whether it should be aborted.  This paper will show that, 
unlike with DRAIM, integrity risk computation using RRAIM 
is cumbersome.  To circumvent this issue, RRAIM is 
implemented in conjunction with DRAIM.   

DRAIM and RRAIM are combined in a unified RAIM 
(URAIM) algorithm.  The weighted least-squares residual-
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based URAIM method is based on a single measurement 
equation.  This equation is used both for state estimation and 
for residual generation, which facilitates integrity risk 
evaluation of URAIM.  Therefore, the easy-to-implement 
URAIM approach seamlessly transitions between DRAIM and 
RRAIM, and enables to maintain a low probability of 
hazardously misleading information throughout the approach.  

Performance evaluations are carried out for the shipboard 
Type B and SSM monitors and for the airborne DRAIM and 
URAIM approaches.  The snapshot position and floating (real-
valued) cycle ambiguity estimation algorithm exploits pre-
filtered geometry-free measurements (using wide-lane carrier 
minus narrow-lane code signals) as well as current-time 
double-differenced carrier measurements.   

It is noteworthy that fixing algorithms, which exploit the 
integer nature of cycle ambiguities [1], are instrumental in 
achieving demanding accuracy standards required in shipboard 
landing applications.  However, the integrity monitoring 
performance analysis of fixed solutions can be extremely 
challenging.  Fixing procedures are beyond the scope of this 
paper, which focuses on the preliminary design and analysis of 
new monitors.   

The paper is organized as follows.  Section II describes the 
estimation algorithm and discusses the impact of orbit 
ephemeris faults on position estimates.  The shipboard and 
airborne monitors are respectively derived in Sec. III and IV 
and evaluated in Sec. V and VI.  Concluding remarks are 
given in Sec. VII. 

II. IMPACT OF ORBIT EPHEMERIS FAULTS ON CARRIER 

PHASE DIFFERENTIAL GPS 

A. Two-Step Carrier Phase Differential GPS Algorithm 

The carrier phase differential GPS algorithm described 
below provides relative positioning between aircraft and ship, 
as well as float differential cycle ambiguity estimates.  
Reliable communication between aircraft and ship is 
established within a predefined service volume (i.e., within the 
broadcast radius), where differential GPS is enabled.  
Measurements, including code and carrier signals at L1 and L2 
frequencies, are exploited both inside and outside the service 
volume using a two-step process.   

The first step is referred to as ‘geometry-free pre-filtering’.  
For each visible satellite, a narrow-lane code measurement is 
constructed as a weighted sum of L1 and L2 code signals, as 
described in [6] [7].  In parallel, a wide-lane carrier 
measurement is computed as a weighted difference of dual-
frequency carrier signals.  Narrow-lane code is differenced 
from wide-lane carrier to eliminate errors due to the 
ionosphere, to the troposphere, to satellite clock and orbit 
ephemeris, and to receiver clock.  The differencing also 
eliminates dependency on satellite geometry (hence the term 
‘geometry-free’).   

The resulting observable provides a biased and noisy 
estimate of wide-lane cycle ambiguities.  The small, quasi-
constant offset caused by inter-frequency and antenna biases 
will be eliminated in the double-differencing process 

performed when the aircraft enters the service volume.  In 
addition, to reduce the impact of noise due to multipath and 
receiver noise, a running average of the cycle ambiguity 
estimates can be computed prior to entering the service 
volume (hence the term ‘pre-filtering’).   

The second step is a ‘snapshot’ weighted least-squares 
position and cycle ambiguity estimation process, which uses 
the information from the first step as prior knowledge on 
wide-lane cycle ambiguities.  Wide-lane carrier measurements 
are double-differenced:  first between aircraft and ship to 
eliminate most of the spatially correlated errors (including 
ionospheric, tropospheric and satellite-related errors), and then 
with respect to a master satellite to eliminate receiver clock 
offsets.  For consistency, pre-filtered measurements are also 
double-differenced, which eliminates the remaining 
frequency-dependent biases.  The resulting observables 
(superscripts 1 to n) are stacked in a geometry-free (GF) 
measurement vector:  
 

   TGF

n

GFGF zz 1z  

 
The double-differenced wide-lane carrier measurement vector 
is given by:  
 

   TWL

n

WLWL  1φ  

The complete measurement equation is expressed as: 
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where 

I   is the identity matrix of appropriate dimensions 

GFv  is the double-differenced geometry-free pre-filtered 

measurement noise vector 

WLv  is the double-differenced wide-lane carrier phase 

measurement noise vector 
x  is the air-ship relative position vector (in a local 

reference frame, e.g., East-North-Up) 

G  is the matrix of differenced line of sight vectors for 
each satellite pair (expressed in a local reference frame) 

n   is the double-differenced wide-lane cycle ambiguity 
vector 

The measurement noise vector GFv  is made of code and 

carrier phase receiver noise and of time-correlated error due to 
multipath, which is modeled as a first order Gauss Markov 
process (GMP).  The wide-lane carrier measurement noise 

vector WLv  includes carrier multipath and receiver noise as 

well as remaining tropospheric and ionospheric decorrelation 
errors, which decrease as the aircraft comes closer to the ship.  
Both measurement noise vectors are assumed zero-mean, 
normally distributed.  We use the notation:  
 

   GFGF V0v ,~     and    WLWL V0v ,~  . 



The covariance matrices GFV  and WLV  are derived in App. I. 

The fault-free measurement equation (1) is expressed in a 
general form as:  
 
  vHuz    (2) 
 

where   ),(~ V0v     and the covariance matrix V  is also 

described in App. I.  Matrix V  takes into account the time-

correlation due to multipath between GFz  and WLφ , and the 

correlation across satellite pairs due to the common 
tropospheric errors.   

An orbit ephemeris fault is modeled as a deterministic 
vector f .     
 

  TWLf0f   

 

where    TWL

n

WLWL ff 1f . (3) 

 
It is worth noticing that faults do not affect the pre-filtering 
process because they are eliminated when differencing 
narrow-lane code from wide-lane carrier.  Also, in this work, 
we assume that no more than one measurement is 
simultaneously impacted by a fault, so that only one of the 

fault coefficients WL

i f  is non-zero.  In the presence of a fault, 

(2) becomes:  
 
 fvHuz    (4) 
 

We will use the notation fvz δ . 

The weighted least squares state estimate error uδ  is 

defined as the difference between the state estimate û  and the 

true state vector u  ( uuu  ˆδ ).  It is computed as:  
 

  zSu δδ   
 

where :    111  VHHVHS
TT

 
 
Let P  be the state estimate covariance matrix.  P  is given by:  
 

    11  HVHP
T  

In addition, performance analyses in Sec. V and VI focus 

on a single state xδ , i.e., on the vertical position estimate.  Let 

Xc  be a vector of zeros with a single one-coefficient that 

extracts the state of interest out of the full state vector:  
 

 uc δδ T

Xx   

 
In the presence of a fault, we have:  
 

  2,~δ X

T

Xx Sfc ,  (5) 

where we used the notation  
 

  X

T

XX Pcc2  

Before investigating the faulted case in more detail, the 

expression of 2

X  can be used to evaluate the fault-free 

integrity performance.  The fault-free hypothesis is noted H0.  
The vertical protection level (or VPL) for H0 is defined as:   
 

 XVPL 00   (6) 

 

where 0  is a probability multiplier corresponding to an 

integrity risk allocation of 0HI .  An example integrity risk 

allocation tree is presented in Fig. 1 (the top-level allocation is 
similar to the one found in [8]).   

The VPL in (6) is computed at the aircraft and compared to 
a specified vertical alert limit (VAL) to determine if the 
mission can be safely initiated.  Under the fault-free 
hypothesis, an approach is deemed H0-available if throughout 
the mission:  
 

 VALVPL 0   (7) 

B. Description and Impact of Orbit Ephemeris Fault 

Orbit ephemeris faults are rarely occurring deterministic 
errors.  A failure rate of 10-4/hr is specified in [9].  The mean 
time to detect such faults is guaranteed to be lower than 6 hr 
[10], and in this work is assumed to be 1 hr.  The resulting 
assumed prior probability PP of single satellite fault 
occurrence is 10-4.  The probability of multiple simultaneous 
faults is assumed to be zero.  This assumption will be 
addressed in future work. 

The fault vector f  in (4) represents an orbit ephemeris 
fault.  It is caused by an unusually large difference between 
the actual spacecraft location and its computed position, which 
is estimated using the GPS ephemeris.  Orbit ephemeris faults 
can be categorized in two fault types. 

 

3*10-7

IH2 = 5/2*10-7 1/2*10-7

Ephemeris Fault Other Threats

IH0 = 6*10-7

10-6

Total Integrity 

Budget

1/2*10-7IH2B = 1*10-7 IH2A2 = 1*10-7

H2 HypothesisH0 Hypothesis

1*10-7

H1 Hypothesis

(receiver fault)

Further breakdown needed for allocation 

between multiple shipboard monitors

Other Eph. FaultsH2B Hypothesis H2A2 Hypothesis  

Figure 1.  Example Integrity Risk Allocation Tree 



 Type A faults designate events where satellite 
maneuvers are involved.  

 Type B faults are blundered ephemerides occurring in 
the absence of maneuvers. 

Type A faults can be caused by either intentional or 
unintentional thruster firing (causing orbit-tangential 
maneuvers) or by out-gassing (or fuel leakage) [10].  Satellite 
maneuvers are occasionally performed, for example to ensure 
that spacecraft remain in their designated slots.  We 
distinguish the following kinds of type A faults: 

 Type A1 faults correspond to orbit-tangential 
maneuvers where the ephemeris is blundered. 

 Type A2 faults are also orbit-tangential maneuvers, 
but in this case, the pre-maneuver ephemeris is 
broadcast even though the maneuver has begun.  

 Type A2’ faults are caused by maneuvers in any 
direction while the pre-maneuver ephemeris is 
broadcast. 

The GPS operational control segment (OCS) is in charge 
of performing spacecraft maneuvers and of monitoring 
satellite measurements at all times.  If a maneuver is 
scheduled, or if a fault is detected, the OCS nominally sends a 
warning that the space vehicle (SV) signal should not be used 
(the satellite health flag is set to ‘unhealthy’).  In spite of the 
OCS monitoring, a Type A2 fault actually occurred on April 
10 2007 [2].  It caused an error in satellite position that 
exceeded 700m before the satellite health flag was set to 
unhealthy.  This type of rare-event faults can represent serious 
integrity threats for differential GPS-based navigation 
systems. 

The impact on a differential measurement from satellite i 

of the ephemeris-based SV position error vector E

i
xδ  is 

expressed as:   
 

     dxeeI
T

E

iTiii

r
f δ

1
   (8) 

where 

e
i   is the line of sight (LOS) vector between user and 

satellite i 
r   is the nominal range to the satellite (about 20,000 km) 

d   is the baseline vector between aircraft and ship. 

A complete derivation of (8) is given in [11].  An 
additional step is needed to obtain the fault impact on double-

differenced measurements WL

i f  in (3).  This step is 

straightforward and is left aside for clarity of explanation. 

Equation (8) shows that the fault impact on differential 
measurements depends on the relative directions of the fault 
and LOS vectors, and on the baseline vector d  between 
aircraft and ship antennas.  The worst-case fault impact is 
found when the fault vector is perpendicular to the LOS 
vector, and aligned with the air-ship baseline vector.  In this 
case, (8) becomes:  

 d
r

x
f

E

i

i 


,δ
  (9) 

where  

,δ E

i x  is the fault component of E

i
xδ  perpendicular to the 

LOS vector;  it is defined as a 2-norm (noted ):      

    E

iTii

E

i x xeeI δδ ,   
the worst case fault direction is such that:  

   ,δ E

i x = E

i
xδ .   

d  is the baseline distance between air and ship 
antennas.   

Equation (9) first shows that nominal meter-level orbit 
ephemeris errors have a negligible impact (lower than 2.5 mm) 
on differential measurements over baseline distances as large 
as 50 km.  Equation (9) also demonstrates that the 700 m SV 
positioning error experienced in the April 2010 incident could 
have caused a differential measurement fault of up to 17.5 cm 
over a short 5 km baseline.  This fault magnitude can be a 
serious threat for shipboard landing applications.  In response, 
both shipboard monitors and airborne RAIM-based algorithms 
are designed in Sec. III and IV.     

III. SHIPBOARD MONITORS 

A. Type B Monitor for Shipboard Landing of Aircraft 

The type B monitor was designed and evaluated in [3] to 
detect faults affecting LAAS.  In the absence SV maneuvers, it 
uses first-order hold projections of previously validated 
satellite orbits based on two days of stored ephemerides.   

Reference [3] used the complete set of ephemerides for 
year 2002 to demonstrate that the Type B monitor achieved a 
3000 m minimum detectable error (MDE, in terms of satellite 
position error), with a probability of no detection PMDE,B lower 
than 5*10-4.   

In this work, the VPL for the Type B fault hypothesis 
(noted hypothesis H2B) is derived.  The protection level is 
defined as a bound on the positioning error corresponding to 
an allocated integrity risk IH2B (specified in Fig. 1).    
 

    BHPB IPVPLxP 2δ    (10) 

where  

PP   is the prior probability of fault occurrence described in 

Sec. II 

xδ  is the vertical position estimate error derived in (5). 

The first term of the product in (10) is implicitly a 
conditional probability on the occurrence of H2B.  Equation 
(10) is re-written considering two mutually exclusive, 
complementary hypotheses:  
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Each one of the right hand side terms can be bounded:  
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Substituting the last two bounds back into (11) and the result 
into (10) yields:  
 

    BMDEPBHE

i

B PPIMDEVPLxP ,2δδ  x  (12) 

The condition in the left-hand-side probability sets a bound 

on the magnitude of the satellite position error E

i
xδ , whose 

impact on the position estimate is expressed in (5) and (9).  It 
follows that the VPL equation can be expressed as:  
 

 d
r

MDE
VPL iX

i
XBB )(:,max Sc   (13) 

where  

B   is a probability multiplier corresponding to the integrity 

risk allocation of BMDEPBH PPI ,2   

)(:,iS  is the ith column of matrix S.  

Similar to the fault-free case in (7), an approach is deemed 
available for the H2B hypothesis if: 

 VALVPLB    (14) 

The type B monitor is constraining because it requires a 
two day initialization period for ephemeris validation, which 
must be performed again each time an alarm is issued.  More 
importantly, the type B monitor is only effective against orbit 
ephemeris faults that do not involve a maneuver.  Therefore, 
other monitors are investigated. 

B. Standalone Shipboard Monitor (SSM) Against Type A2 

Faults 

Unlike for the Type B monitor, current-time measurements 
must be used to detect if a maneuver has recently been 
performed.  The LAAS Type A monitor uses measurements of 
range and range rates, but assumes a static reference antenna 
at a known location.  Since shipboard antennas are 
continuously moving and are at unknown locations, the LAAS 
monitor cannot be used. 

Instead, we develop a monitor that exploits the redundancy 
of satellite signals to evaluate the shipboard antenna’s location 
while simultaneously monitoring SV measurements.  This 

standalone shipboard monitor (SSM) is based on a multiple-
hypothesis range comparison method [12] [13].   

One important observation can be made before describing 
the monitor.  Equations (8) and (9) show that the fault impact 
on differential measurements (and hence on the estimate error 
in (5)) is maximized when the fault direction is perpendicular 
to the LOS.   Unfortunately, faults perpendicular to the LOS 
are also mostly unobservable using standalone measurements.  
Therefore performance analyses in Sec. IV will show that the 
SSM is ineffective against Type A1 and Type A2’ faults, 
which can have any direction.  However, the SSM monitor 
turns out to be efficient against Type A2 faults, which involve 
orbit-tangential maneuvers. 

A five-step description of the SSM is presented: 

 we first define the test statistic 

 we derive the detection threshold 

 we establish a MDE in the standalone range domain 

 this MDE is transferred into the differential 
measurement domain using a fault model 

 and finally we compute a VPL equation for type A2 
faults 

For each satellite i, we compare the measured range meas

i  

to satellite i with the computed range comp

i  obtained using 

the ephemeris.  The measured range meas

i  is given by 

standalone (i.e., non-diffrential) ionospheric-error-free code 

phase measurements.  The computed range comp

i  is the 

distance between the estimated SV position using the 
broadcast orbit ephemeris and the ship positioning sub-

solution 
)(δ i

shipx .  The sub-solution 
)(δ i

shipx  is based on all SVs 

except satellite i in order to avoid correlation of comp

i  with 

meas

i .  The SSM test statistic i  is defined as:  

 

 comp

i

meas

ii    

The test statistic i  is expressed as: 

  
)(

, δ i

ship

Ti

radOE

i

RNM

i

tropo

i

SVclock

ii vvvv xe  (15) 

where 

SVclock

iv   is the nominal uncertainty due to satellite clock 

ephemeris 

tropo

iv   is the standalone tropospheric error 

RNM

iv   is the iono-free code receiver noise and multipath 

error 

radOE

iv ,   is the nominal orbit ephemeris error projected onto 

the LOS vector.  We will approximate this term by 
the radial satellite position error, whose contribution 
to the error along the LOS is much larger than the in-



track and cross-track components.  The radial satellite 
position error has been evaluated in [14].  

e
i  is the LOS vector to SV i 

It is worth noticing that i  varies with satellite 

geometry, in particular because of the last term of the sum in 
(15).   

Under fault-free conditions all terms in (15) are assumed 
normally distributed (with variances given in Sec. V) and are 

zero mean.  Let 
2

 

i
 be the variance of i , which is 

computed as the sum of variances of all error terms in (15).  A 

detection threshold Ti  is computed for each test statistic i  

in order to reduce the probability of false alarms.  The 

threshold Ti  is set in compliance with a continuity risk 

requirement CP , which is equally allocated between each one 

of the SVn  test statistics.  The threshold is computed as:  

 

     

 i

SVC

i nPQT 2//1
 

 

where  1Q  is the inverse function of the tail probability of 

the standard normal distribution. 

A fault on satellite i impacts the mean of radOE

iv ,  which is 

equal to the mean noted i  of i .  The MDE in the 

standalone ranging domain is noted iMDE ,  and is defined 

as:  
 

    PAMDEi

iii PIMDETP 2,,|     (16) 

 

where 2, AMDEI  is a predefined integrity risk allocation for the 

SSM monitor against Type A2 faults (we use 2, AMDEI
 
= 

1/2*10-7).  iMDE ,  is obtained iteratively from (16).   

In order to evaluate the impact of undetected faults on 
differential GPS position estimates, the MDE in the standalone 
range domain must be transferred into an MDE in the 
differential ranging domain.  This is done numerically using a 
deterministic model of type A2 faults.  Satellite maneuvers are 
simulated as instantaneous in-track burns, causing an 
instantaneous change in tangential velocity of Δv (realistic 
values of Δv range between 3 m/s and 5 m/s, but can reach up 
to 10 m/s [4]).  Satellite maneuvers cause a drift over time of 
the true SV orbits as compared to the pre-maneuver 
ephemeris-based orbit.   

In Fig. 2, the true SV orbits are represented in red for 
multiple start-times prior to current-time, and the computed 
orbit is the thick black line.  For a range of realistic maneuver 
start times and Δv values, we can compute the current-time 

impact of the fault on the test statistic i .  We can also 

evaluate the fault component perpendicular to the LOS ,δ E

i x , 

which directly impacts differential measurements in (9).  It 
follows that the MDE in the differential measurement domain 

is computed as:  
 

   i

i

E

i

ix MDExMDE ,,

parameters
model   

,δ δmax   

 

Finally, given that ixMDE ,δ  can be numerically evaluated, 

and using a derivation akin to (10) to (12), we establish a VPL 
equation for the SSM in the presence of Type A2 faults  
 

  
r

d
MDEVPL ixiX

i
XAA ,δ)(:,22 max Sc   (17) 

where  

2A   is a probability multiplier corresponding to the integrity 

risk allocation of   PAMDEAH PII 2,22   

22 AHI  is an predefined integrity allocation for Type A2 faults 

(given in Fig. 1) 

When monitoring Type A2 faults using the SSM, an 
approach is deemed available if:  
 

 VALVPLA 2   (18) 

The two shipboard monitors designed in this section aim at 
detecting Type A2 and Type B faults.  However, these 
monitors are ineffective against type A1 and type A2’ faults.  
In response, in Sec. IV, we explore the complementary 
properties of two airborne residual-based RAIM methods:  
differential RAIM and relative RAIM.  The two concepts are 
exploited in the ‘unified RAIM’ approach, which provides 
detection capability against all types of faults in a single 
algorithm.
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 Figure 2.  Type A2 Fault Model 

 



IV. AIRBORNE MONITORS 

A. Differential RAIM (DRAIM) 

Differential RAIM is a least-squares residual-based RAIM 
method [15].  In DRAIM, differential carrier phase 
measurements are used to determine both the state estimates 
and the detection test statistic.  The DRAIM residual vector is 
defined as:  
 

  xHzHxzr δδ D  (19) 

The DRAIM test statistic is the norm of Dr  weighted by 
1

V  [16]:  
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 (20) 

 
Let n be the total number of measurements (i.e., the dimension 
of z  in (4)), and let m be the number of unknown states (i.e., 

the dimension of x  in (4)).  The weighted norm 
2

1V
rD  is 

non-centrally chi-square distributed, with (n-m) degrees of 
freedom and a non centrality parameter defined as:  
 

  fHSIVf  12 T

D  (21) 

Under fault-free conditions, the detection threshold DT  is 

defined in compliance with the continuity risk requirement CP  

to limit the probability of false alarms.  The DRAIM integrity 
risk is then defined as a joint probability:  
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Because the estimate error and residual-based test statistic are 
stochastically independent [15], this joint probability can be 
written as a product of probabilities.  It follows that the 
DRAIM integrity risk can then be computed for all single-SV 
faults and for all fault magnitudes.   

Finally, in the presence of an orbit ephemeris fault 
(hypothesis H2), the DRAIM availability criterion is fulfilled 
if: 
 

   2

2

1
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V
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where 2HI  is a predefined integrity risk allocation (given in 

Fig. 1). 

Considering (9) and (21), it is clear that as the aircraft 
approaches the ship’s reference antenna, the fault’s impact on 
the test statistic’s non-centrality parameter decreases (the 
baseline distance d in (9) decrease).  Performance analyses in 
Sec. VI will confirm that DRAIM is most effective in 
monitoring faults at the start of the aircraft approach, when the 
plane is far from the ship.  But the DRAIM detection 
capability decreases as the aircraft approaches the crucial 

touch-down point.  As a complement to DRAIM, we 
investigate relative RAIM (RRAIM).   

B. Relative RAIM (RRAIM) 

The concept of RRAIM for shipboard landing applications 
was introduced in [5].  As illustrated in Fig. 3, a difference can 
be taken between measurements at the current-time epoch 

(carrier phase measurement vector WLφ ) and at a past-time 

reference epoch (vector 0,WLφ ), where the plane first entered 

the ship’s broadcast radius.  The RRAIM test statistic is 

derived from a vector *φ  of time-differenced measurements:  

 

  WLWL φφφ  0,*    (24) 

 

 *00*   vGxxGφ    (25) 

where 

0G   is the geometry matrix (matrix of LOS vectors) at the 

reference epoch  

0x  is the aircraft location at the reference epoch  

*v  is the time-differenced carrier phase measurement noise 

vector defined as WLWL vvv  0,*  

It is noteworthy that the vector of cycle ambiguities n  in 
(1) cancels out in (25), which signifies that RRAIM detection 
does not require cycle ambiguity resolution.   

The time-difference between reference epoch and current-
time epoch creates a synthetic baseline, which increases as the 
aircraft approaches the ship.  As a result, the fault impact on 
the test statistic is small at the start of the approach, but 
increases as the aircraft comes closer to touch-down (because 
d in (9) is replaced by the synthetic baseline, which increases 
as the airplane approaches the ship).  RRAIM aims at 
increasing fault-detection capability at the crucial touch-down 
point. 
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Figure 3.  Overview of the RRAIM Concept 



One major challenge in RRAIM is the computation of the 
integrity risk.  The integrity risk is defined in (22) as a joint 
probability.  For DRAIM, the random parts of the state 
estimates and of the test statistic were independent, so that the 
integrity risk could be computed as a product of probabilities 
in (23).  In contrast, the RRAIM residual is shown in App. II 
to be correlated with state estimates.  The correlation stems 
from the fact that, in RRAIM, different measurement 
equations are used for estimation (1) and for detection (25).   

In App. II, we determine the component of the RRAIM 
residual that is independent of the estimate error.  
Unfortunately, the theoretical formula of this independent 
component can only be expressed in terms of measurement 
errors, and in practice, it cannot be computed as a function of 
the actual measurements.  To circumvent this problem, the 
RRAIM concept is exploited using a unified RAIM approach. 

C. Unified RAIM (URAIM) 

The DRAIM and RRAIM concepts are unified using a 
single measurement equation that includes carrier phase 
signals both at the current-time epoch as in (1) and at the past-
time reference epoch (also used in (25)).  The URAIM 
measurement equation is expressed as:  
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  (26) 

 

where 0,WLf  is the impact of the fault on double-differenced 

wide-lane carrier phase measurements at the reference epoch.  
Equation (26) can be re-written as  
 

  UUUUU fvuHz   (27) 

 
The measurement noise vector is such that:  
 

   UU V0v ,~   

 

The covariance matrix UV  is computed as in App. I and takes 

into account the time-correlation between WLφ
 
and 0,WLφ  due 

to multipath using a first order GMP.   

State estimation in (1) to (5) is updated using (27).  The 

resulting vertical position estimate is noted Uxδ .  

Measurement equation (27) is not only used for estimation, but 
also for residual generation.  URAIM is actually a direct 
application of residual-based RAIM.  The resulting residual 

vector Ur  and its weighted norm are defined in the same way 

as Dr
 
in (19) and (20).  

2

1
U

U
V

r  follows a non-central chi-

square distribution, with nU-mU degrees of freedom (where nU 
and mU respectively are the total numbers of measurements 

and of states in (26)) and a non-centrality parameter 2

U  

defined as in (21). 

It follows that the integrity risk can be directly computed 
because the estimate error and the residual-based test static are 
stochastically independent [15].  The availability criterion is 

expressed in terms of Uxδ , 
2

1
U

U
V

r , and of a test statistic UT  

computed similarly to 
DT  for the URAIM test statistic.  The 

criterion is expressed as: 
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In addition, the algorithm seamlessly transitions between 
DRAIM and RRAIM.  The integrity risk analysis in Sec. VI 
will show that the easy-to-implement URAIM approach 
efficiently exploits the complementary properties of DRAIM 
and RRAIM against all types of orbit ephemeris faults.   

V. INTEGRITY ANALYSIS OF SHIPBOARD MONITORS 

A. Framework for the Analysis and Fault-Free Performance 

Performance analyses are structured around the example 
mission of a simplified straight-in trajectory, where the aircraft 
approaches the ship at constant 150 knot velocity, with a 
constant 3 deg glideslope angle.  Approaches start 15 nmi 
away from the ship.  Prior to that, the aircraft may be 
maneuvering with a high banking angle causing satellites to be 
masked by the fuselage.  Therefore, the aircraft pre-filtering 
process is launched at the approach start-time.  The pre-
filtering period increases from 0 to 6 min as the aircraft comes 
closer to touch-down.  The ship pre-filtering process starts 
when the satellite rises, assuming that shipboard receivers are 
continuously operating.   

A nominal 24 GPS satellite constellation is considered 
[10].  Geometries are simulated at regular 2 min intervals over 
a 24 hour period, which amounts to 720 sample geometries per 
location.  A 10 deg elevation mask is implemented.  It causes 
occurrences of geometries where fewer than five satellites are 
visible.  In these cases, redundancy based monitors (SSM and 
RAIM) are ineffective.   

Poor geometries also cause fault-free unavailability hits, as 
shown in Fig. 4, at an example location in the Pacific Ocean 
(30 deg North latitude, -150 deg East longitude).  Fig. 4 
illustrates how availability is established for each approach, 
and over 24 hours.  The 720 thin colored curves represent 
VPL0 for air-ship separation distances of 10 nmi to 0 nmi.  The 
ratio of the number curves that are fully below the example 
VAL profile (thick black line) over 720 is the fault-free 
availability performance.  In this case, H0-availability is 
95.7%, which is one of the lowest values found for the grid of 
location represented below in the next figures.  Notice that the 
example VAL requirement tightens as the aircraft approach 
touch-down.  At the same time, estimation performance 
improves because pre-filtering period increases.  Still, 
unavailability hits occur during the last 0.5 nmi.   
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Figure 4.  Fault-Free VPL over Distance to Touch Down 

 

In the remainder of this paper, overall performance results 
are presented in terms of combined availability of fault-free 
integrity, and of integrity under faulted conditions, for each 
monitor that is being investigated.  Throughout the paper, we 
have derived a four availability criteria (one per monitor) 
under faulted conditions, expressed in (14), (18), (23) and 
(28).  The combined availability for each monitor is satisfied 
only if both the H0 criterion and the monitor’s criterion are 
satisfied.  Therefore, H0-availability limits combined 
availability.  However, we have observed that in the 
overwhelming majority of cases, geometries that are H0-
unavailable are also unavailable according to each monitor’s 
criterion.   

H0-availability was also evaluated for a 10 deg by 10 deg 
grid of 44 locations over the northern Pacific Ocean.  Fig. 5 
presents the H0-availability map.  Availability is color-coded 
from white, representing 100%, to black, corresponding to 
90% or lower.  Contours of constant availability are displayed 
as well.  The map shows that H0-availability varies between 
95% and 100%. 
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Figure 5.  Availability Map for the Fault-Free Availability Criterion 

B. Type B Monitor Performance Evaluation 

Combined availability for the Type B monitor is 
represented in Fig. 6 for the grid of 44 locations.  Availability 
performance ranges between 95% and 99%, and is only 
slightly lower than H0-availability.  This shows that the Type 
B monitor efficiently detects Type B faults.  However, the 
type B monitor can be constraining because of its required 
two-day initialization period.  In addition, it is ineffective in 
case of SV maneuvers, which is why we quantify the SSM 
performance. 

C. SSM Performance Evaluation Against Type A2 Faults 

The SSM was designed in Sec. III to detect Type A2 
faults, which are modeled in Fig. 2.  The monitor’s test 

statistic i  is evaluated using (15).  The standard deviations 

of error parameters affecting i  are listed and referenced in 

Table I.  Using these values, the monitor’s MDE in the 

standalone range domain ( iMDE , ) is computed for each 

geometry and transferred in the differential measurement 

domain.  iMDE ,  values were computed for numerous 

geometries.  We determined that 30 m was an optimistic 

iMDE , -value.  

Combined availability of the SSM against Type A2 faults 
is evaluated in Fig. 7.  We considered the following values for 
the Type A2 fault model parameters : 

 maneuver start times varying between 0 and 1 
hour prior to current time 

 Δv ranging between 2 m/s and 5 m/s 

Despite the fact that we used a realistic but not necessarily 
conservative range of values for these parameters, availability 
performance remains below 95% at most locations.  
Availability drop below 50% if we increase maneuver start 
times to two hours prior to current time.   
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Figure 6.  Combined Availability Map for the Type B Monitor Against Type 
B Faults 

 



TABLE I.  SSM MONITOR PARAMETERS 

Error Source Standard Deviation Reference 

Satellite clock
 

S Vclo ck = 1.7 m [14] 

Satellite ephemeris (orbit-radial) 
 

ra dOE,  = 1.5 m [14] [17] 

Troposphere (zenith error)
 

tro p o  = 0.12 m [18] 

Iono-free code receiver noise and 

multipath
 

RNM  = 1.05 m App. I 

These values are also used to compute the unceratinty in the ship 

positioning sub-solution )(δ i

sh ipx  in (15) 
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Figure 7.  Combined Availability Map for the SSM Against Type A2 Faults 

 

Type A2 faults are further investigated in Fig. 8 using the 
fault model of Fig. 2 at the near-worst example location used 
in Fig. 4, and for the model parameter values mentioned 
above.  The curves capture Type A2 fault signatures for 
varying maneuver start times.  Colored curves represent the 
fault impact on the standalone range error, i.e., on the SSM 

test statistic i , versus the magnitude of the fault 

component perpendicular to the LOS, noted ,δ E

i x  in (9).  

Considering the optimistic 30 m iMDE , , all colored curves 

correspond to potentially undetected faults.  We only represent 

faults causing i  to be negative before becoming positive.  

This type of faults are the most hazardous because they remain 
undetected over the longest durations.  They occur on rising 
satellites, and become hazardous for Δv values larger than 
3m/s.  In these cases, the orbit-tangential maneuver pushes the 
spacecraft towards the user antenna at a higher rate than the 
true orbit drifts away from the pre-maneuver orbit.   

We distinguish two families of curves.  The ones that start 
at the origin correspond to maneuvers that were initiated while 
the SV was in view.  For all the other curves, which are inside 
the red trapezoid, the maneuver started out of view (thus, the 
zero crossing is not visible).  One remarkable feature of this 
second family of curves is that, unlike the first family, the 
fault start time is known:  indeed, although the maneuver start 
time is unknown, we know that the fault starts affecting 
measurements at signal acquisition.  If the time to detect these 
faults is short enough, these threats can be eliminated by 
simply imposing a waiting period.   
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Figure 8.  Type A2 Fault Signatures 

 

A histogram of time-to-detect is presented in Fig. 9 for all 
curves presented in Fig. 8.  The bins’ multi-modal aspect on 
the right hand side comes from the fact that we simulated 
discrete values of Δv.  Faults corresponding to maneuvers 
starting out of view (inside the trapezoid in Fig. 8) are 
identified inside a red box.  Their time to detect is within 5 
min.  Therefore, imposing a 5 min waiting period after signal 
acquisition at the ship gets rid of these faults.  Again, faults 
corresponding to maneuvers starting while in view cannot be 

as easily eliminated, but they have a lower impact ,δ E

i x
 
on 

differential measurements, as shown on the x-axis in Fig. 8. 

Finally, the SSM combined availability performance is re-
evaluated in Fig. 10, assuming that a 5 min waiting period is 
implemented at the ship after signal acquisition.  The 
comparison between Fig. 7 and Fig. 10 shows the benefit of 
this modification.   
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Figure 9.  Histogram of SSM’s Time to Detect Type A2 Faults 
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Figure 10.  Combined Availability Map for the SSM Against Type A2 Faults, 
Assuming a 5 min Waiting Period 

D. SSM Performance Evaluation Against Type A1 and A2’ 

Faults 

Fig. 10 shows that the SSM can be efficient in detecting 
Type A2 faults.  However, it is ineffective against Type A1 
and Type A2’ faults, which can have any direction.  For 
example, faults perpendicular to the LOS directly impact 
differential measurements (as explained in (9)) but are mostly 
unobservable using standalone measurements.  To emphasize 
this point, rather than showing poor availability results, we 
simply evaluate the impact of faults perpendicular to the LOS 

on i  versus ,δ E

i x .  The result is presented in Fig. 11, for 

faults simulated during 24 hours at 2 min intervals.  It shows 

that the fault impact on i  remains far below an optimistic 

30 m iMDE ,  (i.e., these faults would not be detected) while 

,δ E

i x  reaches 30 km, which is clearly hazardous.  For 

comparison, the Type B monitor analysis showed that 
unavailability hits started occurring while the fault magnitude 

was limited to 3km.  Also, we determined that a 10km ,δ E

i x  

causes the availability to drop to 30% at the example near-
worst location mentioned in Sec. V-A.   
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Figure 11.  Impact of Faults Normal to the Line-of-Sight on the SSM Test 
Statistic, and on Differential Measurements 

VI. INTEGRITY ANALYSIS OF AIRBORNE MONITORS 

Section V has shown that shipboard monitors perform 
well, but only against two targeted fault types.  In contrast, the 
integrity risk of RAIM-based algorithms is evaluated for the 
worst case fault magnitude, assuming the worst case impact on 
differential measurements.  This section demonstrates that a 
unified airborne RAIM algorithm can be used instead of 
multiple shipboard monitors, and that URAIM can be efficient 
against all fault types. 

A. DRAIM Performance Evaluation 

To illustrate DRAIM, Fig. 12 presents point-wise 
combined availability performance, at the example location 
used in Sec. V-A.  In Fig. 12, each point of the thin black line 
represents the DRAIM availability performance at a fixed 
distance from touch-down.  These numbers are not necessarily 
representative of the overall performance (overall availability 
is given in the legend).  However, point-wise availability 
shows where unavailability hits occur during approaches.  As 
expected, DRAIM performs well for large air-ship separation 
distances.  But DRAIM availability drops when the aircraft 
approaches the ship, both because VAL requirements are more 
stringent, and because DRAIM fault-detection capability 
decreases.  At the touch-down point, the curve goes back to 
the fault-free level because the fault magnitude is zero (d=0 in 
(9)).  The URAIM approach deals with DRAIM’s drop in 
availability using the RRAIM concept. 

B. URAIM Performance Analysis 

The URAIM method unifies DRAIM and RRAIM and 
exploits the complementary properties of both algorithms.  
This is illustrated in Fig. 12 where the thick red curve 
maintains a high level of availability throughout the approach, 
while DRAIM availability drops dramatically in the last 5 nmi 
before touch-down. 
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Figure 12.  Point Wise Availability of DRAIM and RAIM at a Single Location 



To further investigate URAIM performance, the map in 
Fig. 13 displays combined availability of fault-free integrity 
and of integrity using URAIM in the presence worst-case orbit 
ephemeris faults.  Availability results are slightly lower than 
H0-availability in Fig. 5, which indicates that most but not all 
hazardous faults are detected using URAIM.  Still, combined 
availability is higher than 94% at all locations.   

The results presented in Sec. V and VI only took into 
account integrity risk requirements.  However, navigation 
systems for shipboard landing of aircraft must also satisfy 
demanding accuracy standards.  These can be fulfilled using 
advanced fixing processes [1], which exploit the integer nature 
of cycle ambiguities.  Cycle ambiguity resolution processes 
are likely to improve fault-free availability.  With regard to 
URAIM availability, two conflicting mechanisms can 
interfere.  On the one hand, the estimation error of the fixed 
solution decreases as compared to the float implementation 
presented here.  On the other hand, the probability of incorrect 
fix must be correctly accounted for in the integrity risk 
evaluation.  Therefore, the next step of this monitor design 
process is to evaluate the navigation system accuracy and 
integrity performance for the fixed implementation. 

VII. CONCLUSION 

In this work, we devise a standalone shipboard monitor 
(SSM) and a unified RAIM (URAIM) algorithm.  These new 
methods aim at detecting orbit ephemeris faults impacting 
carrier phase differential GPS signals used in a precision 
navigation application of shipboard landing of aircraft.   

The SSM is based on a multiple-hypothesis range 
comparison approach.  It uses non-differential, dual-frequency 
code measurements at the ship to detect faults on carrier phase 
differential measurements.  Performance evaluations show that 
the SSM is efficient against Type A2 faults, provided that a 5 
min waiting period is imposed after signal acquisition at the 
ship receiver.  In addition, the LAAS Type B monitor 
performance is quantified.  For this shipboard landing 
application, the Type B monitor demonstrates high detection 
capability against Type B faults.  However, neither of the 
shipboard monitors are effective against Type A1 and Type 
A2’ faults. 
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Figure 13.  Combined Availability Map of URAIM Against all Fault Types 

In response, a residual-based unified RAIM approach is 
investigated.  URAIM exploits complementary properties of 
differential RAIM and of relative RAIM in order to maintain a 
low integrity risk throughout the airplane’s approach.  The 
airborne URAIM method is a single, easy-to-implement 
algorithm.  It can be used in place of multiple shipboard 
monitors to detect all types of orbit ephemeris faults. 

Overall performance was computed for a grid of 44 
locations.  For URAIM,  availability ranges between 94% and 
99%.  These results are established for a float cycle ambiguity 
estimation process.  Additional information of the cycle 
ambiguities’ integer nature will be exploited in future work 
using a fixing algorithm.  A cycle ambiguity fixing process 
will reduce positioning errors, and in turn, is expected to 
improve the integrity monitoring performance. 

APPENDIX I.   MEASUREMENT ERROR COVARIANCE MATRIX  

The measurement error covariance matrix V  of v  in (2) 
and (4) can be expressed as:  
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The matrix GFV  is fully described in Chapter 2 of [1].   

In this work, WLV  is defined as:  
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where 

DDT   is a   SVSV nn 1  transformation matrix that 

differences the measurements with the master SV 

signal ( SVn  is the number of visible SVs);  assuming 

that the first satellite is the master SV, we have: 
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SDRNM ,V  is the single-difference (air-ship) widelane carrier 

phase receiver noise and multipath error covariance 
matrix, defined as: 
 

   2

,, 2 WLSDRNM IV   

 
2

,WL  is defined in Chapter 2 of [1] as a function of 

the raw carrier phase receiver noise and multipath 

standard deviation    (assuming the same  -value 

for L1 and L2) 

SDI ,V  is the residual ionospheric error covariance matrix 

(after air-ship single-difference).  SDI ,V  is diagonal, 



with diagonal elements for a satellite i:  
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where d is defined in (9), 2

VIG  is the variance of the 

vertical ionospheric gradient, and )( ic is an 

obliquity factor defined in [19] as a function of the 

satellite elevation angle i . 

SDT ,V  is the residual tropospheric error.  It is expressed as:  

 

  2

, n

T

tropotropoSDT  ccV  

 

where 2

n  is the variance of the tropospheric 

refractivity index, as defined in [19].  tropoc is derived 

from a vector of tropospheric obliquity coefficients 

(varying with i ) multiplied by a function of the air-

ship height difference (see [19] for details). 

In addition, we derive an expression of the correlation 
caused by time-correlated multipath errors affecting wide-lane 

carrier signals in both GFz  and WLφ .  The matrix CV  can be 

written as:  
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Matrix SDC ,V  is diagonal, with diagonal elements for each 

satellite i:  
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where 

WL   is the wavelength of the wide-lane frequency (defined 

in [1]) 

M   is the time constant of the first order GMP used to 

model multipath 

i   is the pre-filtering period for SV i. 

Parameter values used in performance evaluations are 
summarized in Table II. 

TABLE II.  SUMMARY OF ERROR PARAMETER VALUES 

Error Source Parameter Value 

Raw carrier receiver noise and multipath
 

  0.7 cm 

Raw code receiver noise and multipath
 

  35 cm 

Vertical ionospheric gradient
 2

VIG  4 mm/km 

Tropospheric refractivity index 
2

n  10 

Multipath correlation time constant
 

M  60 s 

 

APPENDIX II.   ANALYSIS OF THE RRAIM TEST STATISTIC 

In this appendix, we prove that the RRAIM residual is not 
stochastically independent of the estimate error.  In addition, 
we derive an analytical formula of the component of the 
residual that is independent of the estimate error. 

The derivation starts with the measurement equation (25), 
to which a null-quantity is added:  
 

    *0000* δ   φGxGxGxxGφ
 

 

 *0* δ   φGxxGφ
 

 

where    GGG  0    and   xxx  0 .  

 

and   ***δ   fvz . 

 

We used the notation *f  to designate the fault impact on *φ .  

The magnitude of *f  increases as the aircraft approaches the 

ship. 

We can use the aircraft position estimate 0x̂  at the 

reference epoch to rewrite the measurement equation as:    
 

  0*0* δδˆ xGφGxxGφ  
 

 
Therefore, the measurement equation used to establish the 
RRAIM test statistic takes the form:  
 

    φGxφ δ  

From the RRAIM measurement equation, we can define a 

weighted pseudo-inverse matrix S  in the same manner as we 

defined S  at the current-time epoch.  It follows that the 
RRAIM residual is defined as:  
 

      φGSIGxφr δ  

In order to discuss independence of estimate error and test 
statistic, we must express them both as a function of the same 
random noise vectors.  In this perspective, we define a matrix 

ZE  that extracts WLφ  from z in (1)-(2):  

 

   nZ I0E   

 
where the subscript of I indicates the dimension of the identity 
matrix (n = nSV-1).   

The RRAIM residual becomes:  
 

   0* δδ xGφGSIr  
 

 

      00 δδδ xGzzEGSIr   Z  

 
The current time estimate error in (4)-(5) is expressed as a 



function of zδ .  Assuming that measurements at current time 
and at the reference epoch are not correlated (which is 
reasonable if RRAIM is used close to the ship), the random 

parts of zδ  are independent of 0δz  and of 0δx .  Therefore, the 

part of r  that might not be dependent of the estimate error is:  

 

    zEGSI δZ  

Reference [20] proves that the random parts of the state 

estimate zSδ  and of the residual r  are derived from 
orthogonal components of the measurement error.  We can 
identify these components by going back to estimate error 

definition ( uuu  ˆδ ), and substituting u  into (4), which 
results in:  
 

 uHzuHz ˆδδ   
 

 rzHSz  δδ  

The first term of the sum zHSδ  is the component of the 
measurement error used for estimation.  It follows that the 
component of the RRAIM residual that is not independent of 
the estimate error is:  
 

    zHSEGSIr δZNI   

 

In general, NIr  is not zero.  It means that the RRAIM residual 

is not independent of the estimate error, which prevents direct 
evaluation of the integrity risk.   

Still, we can identify the component Ir  of the residual that 

is independent of the estimate error:  
 

    zHSEφGSIrrr δδ ZNII    

 

We could use the weighted norm of Ir  as a test statistic (as in 

(20)), which would enable integrity risk evaluation.  

Unfortunately, Ir  is expressed in terms of the measurement 

error vectors φδ  and zδ  instead of measurements φ  and z .  

Ir  cannot be computed in practice.  In response, we use 

RRAIM in conjunction with DRAIM in the unified RAIM 
algorithm derived in Sec. IV-C. 
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