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ABSTRACT: Here, we investigate PVT solutions based on multi-constellation receivers and dedicated
augmentation networks allowing to determine the track on which a train is operating with a very high safety Integrity
level. Because the time needed to accomplish this task has a relevant impact on the rail traffic management performance
and, therefore, it is considered a key performance indicator by rail infrastructure managers, a double frequency solution
is investigated. Particularly, we focus our attention on the advantages of relative positioning solutions, based on Double-
Difference Wide-Laning Carrier Phase measurement combination, exploiting the fact that the train location is
completely determined by its mileage due to the track constraint, to speed up track discrimination. No ambiguity fix
is required at this scope. Here, a detailed description of the overall processing and achievable performance is given.
Performance assessment is provided by means of Monte Carlo simulations based on observations recorded on field
campaigns. ©) 2018 The Authors. Navigation published by Wiley Periodicals, Inc. on behalf of Institute of Navigation.

INTRODUCTION

Integration of GNSS technologies into modern
train control systems may produce a yearly rate of
railway market expansion 1.5 times higher than
the one that would have been derived by the
adoption of traditional track-side technology. The
cost saving has particular impact on the regional/
local lines for which current location technologies,
based on transponders, named balises, installed
along the tracks at georeferenced sites, are not
economically sustainable. This fact has motivated
the adoption by the European Union Agency for
Railways (formerly European Railways Agency) of
the EGNSS (European Global Navigation Satellite
Systems) assets into the KEuropean Rail Train
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Management System (ERTMS)
System (TCS) platform [1].

However, GNSS-based train location determination
solutions will succeed in replacing the current
technologies based on balises and track circuits if,
and only if, it will be cost-effective. To this end,
recently both ESA (European Space Agency) and
GSA (European GNSS Agency) fostered several
projects (e.g., 3Insat, ERSAT EAV, RHINOS, and
STARS) aimed at the development and certification
of solutions compliant with the next release of the
ERTMS standard incorporating GNSS technologies.

Considering that during normal operational
conditions, track-side equipment foreseen by
ERTMS (Level 2), like track circuits, allows for
determination of which track the train lies on, the
attention of scientists and manufacturers has been
focused on the task of determining the current train
mileage (in mathematical terms, the curvilinear
coordinate) with respect to the known track.

The main challenge, in this case, is to provide a
cost-effective solution compliant with the severe
rail integrity requirements asking for a Tolerable
Hazard Rate not exceeding 10E-9 Hazard/h, at
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system level. The outcomes of those projects indicate
that adoption of multi-constellation receivers and
next generation Wide Area Augmentation Systems,
like the American WAAS and the KEuropean
EGNOS, should guarantee the medium accuracy
necessary for an effective and safe control of train
traffic, when the train itinerary (i.e., the ordered
sequence of tracks) is known by other means [1-3].

However, cases in which it is not possible to
determine, with an acceptable confidence level, the
starting track occupied by the train, by means of
the current track side equipment still exists. For this
reason, at the start of missions, trains have to run in
Staff Responsible Mode (SRM) until the first group of
transpoders (eurobalises) is met and its identity is
verified by the Control Center (i.e., the Radio Block
Center).

Since SRM implies very low average speeds (e.g.,
<40 km/h) and very low accelerations, this fact
produces a waste of time, and then money, every time
a service starts. Thus, rail infrastructure managers
(like RFI in Italy) are starting to ask for GNSS-based
solutions able to determine the track occupied by the
train without the need for installing physical balises.

As observed in [4], track discrimination based on
code pseudoranges that do not explicitly account
for the track constraint may exhibit very poor
performance. Although PVT algorithms that impose
the track constraint and make use of multiple
independent measures at different epochs for
improving performance can be designed, the time
needed to guarantee the required Integrity is of
major concern.

The train moving on the track is characterized by
a harsh environment (multipath, foliage, shadowing,
high dynamics). While for RTK positioning, standard
Carrier Phase Ambiguity Decorrelation techniques
can be used for fast high precision solutions [5-10],
the time needed for the On-Board Unit (OBU) for
fixing integer ambiguities and the relevant portion
of floating solutions [11-13] leads to the need for
the investigation of alternative PVT means without
ambiguity fixing.

Thus, in this paper, we investigate an innovative
PVT solution based on multi-constellation receivers
and dedicated augmentation networks that allow
determination of the unknown track at the start of
mission with the required integrity in a very short
time. In particular, we focus our attention on relative
positioning, based on Double-Difference Wide-
Laning Carrier Phase measurement combination
that benefits from the constraint represented by the
track for the train location, in order to speed up
track discrimination. No ambiguity fix is required
at this point.

In this contribution, a detailed description of the
overall processing and achievable performance is
given. Assessment of the performance is provided
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by means of Monte Carlo simulations making
use of observations recorded in the framework of
the European Union Horizon 2020 Galileo-2014-1
ERSAT EAV Project.

A TRACK DISCRIMINATION METHOD BASED ON
HYPOTHESIS TESTING

In the presence of multiple tracks, PVT estimation
can be formulated as a combination of hypothesis
testing (i.e., which is the current track in use by the
train) and parameter estimation (i.e., given a track,
what is the train mileage?). However, the mileage
of a train can be considered an unknown random
parameter, similarly to what happens in the radar
detection of targets whose range and velocity are
unknown. In this case, as suggested in [14, 15], we
can apply the generalized likelihood ratio test, as
defined in [16].

Therefore, assuming that the train can be located
along one of M tracks and considering the kth
hypothesis as corresponding to the kth track,
extending the approach proposed in [4, 17, 18] by
the authors for code processing,

e We first estimate, for each candidate track, and
for each phase ambiguity set, the curvilinear
abscissa of the receiver by means of a weighted
least square estimator (WLSE), assuming that
the corresponding hypothesis is true.

e We then use these conditional estimates to
compute the measurement residuals associated
with each hypothesis and, from them, the
likelihood of each track.

Those likelihoods are then combined in generalized
log-likelihood ratio tests to detect the current
track. In fact, assuming that the hypotheses are
uniformly distributed, the track detection rule
selects the hypothesis corresponding to the largest
of them.

Moreover, multiple observations can be combined
as in [4]. Since the generalized log-likelihood ratio
magnitudes provide information about the reliability
of the decision, their values are compared with
thresholds to verify that enough information has
been acquired before a decision on which track the
train is lying is made.

For each track, the PVT estimate is computed by
solving a set of nonlinear equations relating the
observables (e.g., pseudoranges and carrier phases)
to the train mileage and phase ambiguities by means
of an iterative procedure, accounting for the different
statistics of the equivalent measurement noise due
to both satellite elevation and signal characteristics
specific to each constellation.

In the next sections, a detailed description of the
overall processing and achievable performance is
given.
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The ERTMS Safety Integrity requirements ask
for a rate of deciding the wrong track to be lower
than 10E-9 error/h. To understand the impact of
such a requirement on the accuracy of the GNSS-
based train location determination system, when
no other means for track discrimination are
employed, let us examine first, the suboptimal
solution that decides on which track the train is
lying. We first compute the receiver location
without imposing any track constraint and then
search for the track nearest to the estimated train
position.

As illustrated in Figure 1, in this case, a wrong
decision is taken as soon as the position error
component in the across-track direction exceeds half
the inter-distance W between tracks, and no timely
warning is provided. This means that, in this case,
the Alert Limit AL equals W/2. Considering that
the inter-distance W is just a few meters (e.g., 3 m),
and assuming that one independent decision is
taken every second, a standard deviation of the
Gaussian distribution over-bounding the across-
track position error component distribution of about
20 cm would be needed.

This requirement can be partially mitigated by
combining the decisions based on two or more
different constellations (e.g., GPS and GALILEO)
by means of an N out of N (NooN) logic. In fact, in
this case, a wrong decision is made only when all
decisions are wrong and coincident. Thus, the
probability that an NooN system will provide a
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Fig. 1-Parallel track discrimination. [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]/
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wrong decision is bounded by the product of the
discrimination error probabilities of the single-
constellation detectors.

Therefore, an overall track discrimination error
rate of 1072 error/h can be obtained by combining,
with a 2002 logic, the outputs of two independent
discriminators, using different constellations,
having a discrimination error rate of 3.3 x 10°
error/h. This in turn implies that, for an inter-
distance W = 3 m, the standard deviation of the
over-bounding Gaussian distribution should not
exceed about 30 cm. Let us observe that when one
of the two decisions is wrong, the 2002 logic will set
the decision as unavailable. Considering that the
probability of this event is given by the sum of the
error probabilities of the two detectors minus their
product, the rate of the decision unavailable event
is 6.6 x 107° event/h. Then, based on that and
considering that the actual procedure for the
Start of Mission based on the physical balises has a
duration of tens of seconds, the increment by one
epoch (e.g., 1 s if the receiver is operating at 1 Hz)
of the additional latency in GNSS-based track
discrimination due to the unavailability is
completely negligible.

TRACK CONSTRAINED DOUBLE-DIFFERENCE
PVT EQUATIONS

To shorten the time needed to provide a decision
about the train’s track, in the following, we analyze
the case of a two frequency receiver. Since
centimeter accuracy is not requested, to avoid the
risk of time propagation of wrong decisions caused
by local hazards, like multipath, we focus our
attention on memoryless solutions, separately
processing the Signal In Space of each epoch. Thus,
Kalman filtering is not employed.

Since the train is constrained to stay on track, at
the kth epoch, the location of the OBU receiver
XTrin(f)is completely determined by the knowledge
of its curvilinear abscissa s(k), referred in the
following as train mileage, defined on the
georeferenced railway track. Then, given the mileage
s(k), the Cartesian coordinates of the location of
the receiver are described by the parametric
equation:

XTmin(k) _ XT"“i”[s(k)]. (1)

As detailed in Appendix A, truncating to the first
order, the Taylor series expansion of the geometric
range equations around the point X"“"[s%(k)] ,
corresponding to the initial guess §°(k)of the train
location, leads to the following double-difference
measurement equations
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VAP, VAr(s%) ] [VAB; + (VAL + ¢VAT]
VAP, VAr(s°) VAP, + VAL + VAT
VAL, VAr(s°) VAB] — VAT, + ¢VAT
0 N A A
VAL, VAr(s”) _VAB? — ¢VAI + ¢VAT |
HG() 0 0 VAn{
. As »
HG(s°) 0 0 VAn
_ | HeE) VAN? | 4+ s
HG(s") 4L 0 AAZEH
VAN?
HG (éto) 0 Al /IQVAH?
2

where

e VAP, and VAL; = 1,VA¢, are the column arrays of
the double differences of the code and carrier
phase pseudoranges expressed in meters, at
frequency f;

e VAr(s") are the column arrays of the double
differences of the geometric distances of the
satellites from the Master Station (MS) receiver
and from the point X”""[§°(k)] computed on the
basis of the best available models for the
satellite position;

e As=s5—3" is the incremental mileage of the
train with respect to 5°;

e H is the observation matrix of the ordinary (i.e.,
unconstrained) double-difference equations,
given by (A-17);

e G(5") is the unit vector of the along-track
direction at the mileage §°:

aXTrain
G(s") = { r } L (3)

e VAN? are the double differences of the carrier
phase offsets (in multiples of the wavelength)
at frequency f;;

e VAn” and VAn? are the double differences of the
errors of the time of arrival estimation
algorithm, generated by multipath, GNSS
receiver thermal noise, and eventual radio
frequency interference, respectively, at the MS
and the OBU GNSS receiver, modeled as
Gaussian Random processes with covariance
matrices given by (A-20);

o VAR’ and VAB? are the estimates of the double
differences of the biases, accounting for
differences in latency and delay among
channels, at both sides, satellite and receiver,
as well as the wind-up effect and antenna phase
center positions; and

e VAL, and VAT are the estimates of the
double differences of the ionospheric and
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tropospheric delays estimated from the best
available models.

At the first epoch, §°(k) can be set equal to the
mileage of the track’s point nearest the reference
station. Then, the estimate at the previous epoch
can be used.

In principle, since VANf’ , representing the double
differences of the initial phase ambiguities, are
integer numbers, we could resort to the LAMBDA
method, [5], and its variants, [6, 7], to solve (2).
On the other hand, the probability of successfully
fixing the ambiguities decreases with the increase
of their number. Therefore, several methods to
select the subset to fix have been proposed [8],
including those trying to fix only the Wide Lane
(WL) ambiguities [9, 10].

Although the track detector proposed here does
not need to fix ambiguities, its complexity still
depends on the number of different hypotheses
concerning the initial phase ambiguity double
differences for which the a posteriori probability
has to be computed. Thus, as a trade-off between
computational complexity and position accuracy,
considering that in ERTMS, a centimeter
accuracy is not required, we resort here to the
use of the Wide Lane (WL) combination VALyy,
[19], with

VAL, — £,V
VAL, =1 YALL —/5 VAL, @)
fi=1»

The rationale for this choice stems from the fact
that, as far as ambiguity fixing is concerned, the
longer wavelength of the GPS WL observations
(86.2 cm), compared to GPS L1 (19.3 cm), has the
effect of reducing the time to fix them [10]. Thus,
we conjectured that a similar effect would arise in
the case of computation of the generalized
likelihood ratio.

Similarly, considering that for the GPS
constellation and the L1 and L2C pair of
frequencies, the standard deviation of the WL
combination is about 5.74 times the standard
deviation of each component (supposed to be
equal), while the standard deviation of the Narrow
Lane (NL) combination is about 0.71 times the
standard deviation of each component, we resort
here to the use of the NL combination VAP,
[19], with

£1VAP| + £, VAP,
VAP, = . (5)
N S1+/2

From (2), (6), and (7), it follows that the
measurement equations associated with VALyy
and VAP, are
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VAP,
VAL,

VAr(s?) VABy, + cVALy, + VAT
VAr(s?)

VABY, — VAL, + (VAT
[ VAnk,

A WLVAH(;,SVL

HG(s") 0 As

HG(5%) Jwd | [VANG,

(6)

One advantage of the use of the pair (VALyy,
VAPpN7) is that an initial estimate of the phase
ambiguities range can be obtained by the
Melbourne—-Wiibbena combination B;w, defined as
follows [19]:

Byw =Ly —Pyr. (7

In fact, as can be easily verified also from (6),

VABw = VAL, — VAPy, = Ay VANY,, +

+ (VAIi(I?VL - VAIiZL) - C’(VAfWL + VAfNL> + Ny,
®)

where

Nyw = VA“ZL — /IWLVAH([{)VL (9)

is the equivalent measurement noise on the
Melbourne—Wiibbena double differences.

As detailed in the next section, computation of the
generalized likelihood ratio requires the evaluation

of the estimate § < of the train mileage conditioned
ANy

to a given phase ambiguity VANfVL. Based on (6),

§ ~ 1s obtained by solving the linear system:
VAN,

z I VAnf,
{ ”} - [ ]HG(fO)Af ~, + NECL D 10)
Zy I VANWL }*WLVAH({?VL

where

z VAP 0 ~ VAr(s°

I P P L M

zy, VAL, Awrl VAr (§ O)
l VAL, + ¢VALyL + VAT ]

A ) ) (11)
VAR, — VALyy + VAT

and then computing § ~» =35+ As s .
VAN, VAN,

Let Rp,, be the covariance matrix of VAn}, and

R,,, be the covariance matrix of A;;VAn?, . Then,
when the weighted least square method is applied,
the train mileage can be updated as follows:

Z
AS =, :K{ P}, (12)

VAN 7

where

K={G"(s)H" (R}, + Ry}, JHG(s") }71

In addition, for the variance of the estimate, we
obtain:

o= {67 (M (Rp!, +R.), JHG(s") } . (14)
Let us observe that when
RPNL = yPLRLWU (15)

the estimate As ~, , given by (12), can be written as
follows: VAN

1
AS <, (m o A ) (16)

VANG, 14 ypr \U VAN, VAN,

as the linear combination of the estimate As" _,
VAN,

based on VAPyz only and of the estimate As" _,

based only on VALy;, respectively, given by ~ VANm
A" o =Kpyzp, (17)

VANV’VI_
A§L ~¢ = KLW]_ZL7 (18)

VAN,

where
-1
K, = {G"(")H'R;, HG(:) } G”(s")HRy,, (19)

KLWL = {GT (§O)HTRZ:VLHG (§0) }71GT (§O)HTRZ:»L

(20)
In fact, substituting (15) in (13), it follows that
1 YrL
K=|—Kp, K ) 21
[1 +7prL P +7pL LWL] 2D

Usually ypr, > 1 and the contribution of the NL code
component is negligible. Thus, to reduce the
computational complexity, the train mileage
estimate based on the WL carrier measurements
only, after removing the ambiguities by means of
the MW combination, can be adopted, as confirmed
by the experimental results reported in section 6
(Experimental Results). Nevertheless, even in this
case, the NL code pseudorange residuals still
contribute to the track discrimination, as illustrated
in the next section.

TRACK DETECTOR

(13) For sake of compactness, in the following, we will

GT (§O)HT [R—l R } denote with VAR the GNSS observables employed
P for the track discrimination and train location
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determination, so that, when the pair VALy; and
VAP, is employed, we have

VAP, }

22
VAL, ( )

VAR = {

Then, assuming that there are M tracks on which
the train may lie, denoting with H, the hypothesis
corresponding to the kth track, the generalized
likelihood ratio A,(VAR) corresponding to Hy, is given
by the conditional probability density function of the
observables pyg/y, (VAR/H)) with respect to the kth
hypothesis H;, divided by any arbitrary function that
does not depend on H}, (see [16]):

AL(VAR) = D¥aR/ Zk((VVAARl;/ ) (23)

Assuming that the tracks are a priori identically
distributed, the Bayesian (optimal) track detection
rule selects the hypothesis corresponding to the
largest A,(VAR).

However, considering that there is an additional
set of unknowns given by the initial phase ambiguity
double differences, we can rewrite Equation (23) as
follows:

Ax(VAR) =

< ~¢
Y ~s (VAR/H, VAN, ) P(VAN,,, /H;
“, UVAR/H VAN,
VAN,

w(VAR)
(24)

On the other hand, we can assume the statistical
independence between the initial phase ambiguities
and the track on which the train is lying, so that
we can write:

A«(VAR) =

N 4
% Py vkt (VAR/H, VAN, ) P(VANG, )

VAN,

w(VAR)
(25)
Thus, proceeding as in [16], we first estimate the
train mileage under the hypothesis that H; and

VANfVL are true, and then, we use these estimates,

let’s say § oa in a likelihood ratio test, as if they
ks WL

were correct. Thus, for each hypothesis and each set of

phase ambiguity double differences, we compute the

generalized likelihood functional A (VAR) as follows:

A(VAR) =

X 0p

~¢
VAN,

~¢ ~¢
VAR/S s ,H) VA P(VAN H)
/SHA.,VANZ,, » Mk NWL) wi/ Hi

~¢
VAR/H VAN, (

w(VAR)
(26)
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Then, we select the hypothesis corresponding to
the largest generalized likelihood functional.
Since conditioned to the kth hypothesis, and to the

phase ambiguity VANTVL, V4R is a Gaussian random
variable with (conditional) expectation

VAr <§ ~4 )
H; VAN,
E{VAR/§ e

N N
H VAN, Hk’VANWL} B

VABL, + ¢VAILy; + VAT 0 -
[f;“ R |+ [ } ¢ 27)
VABY, — VAL + VAT

and covariance matrix

Cov{VAR/sAHkTVAE . Hk,VAN‘fVL} =R,,,, (28)
we select
1
w(VAR) = . (29)
2(Nyu—1)
[(22) VD det(Ry,,,)|
Then, denoting with v ~, the vector
s, VANY,
VAl'(SHk)
Y ~s+ =VAR — —
St VAN VAI‘(SHk )
, ) ) (30)
VABy; + ¢VAIy + ¢VAT 0 4
- VANY,,
VAB}, — VAL, + VAT Awel
we have
Ax(VAR) =

1 ¢
= Max expd —=vI s Rilv ~ P(VAN )
Sty Z p{ 2 Sty ,VAN‘:W_ VUL sy VANG, } WL

VAN,
(3
Considering that in (24), each addendum is
nonnegative, the estimate § ~¢ of sy, employed

H,VAN,,
in track detection is the one for which each
addendum is maximum, i.e.,

S~ =Arg{ Min|v"  _, R! ~ . (32
SHk,VAN;’;,L ¢ { s,iin [v N VWI_VSH VAN, }} 32

SHy, VAN, o WL

Thus, for each potential phase ambiguity VAN?VL,

we first compute § ~, by means of Equation (12).
HVANS,

Then, we compute the corresponding residual vector
\2 by means of Equation (30) by setting

N &
HY VAN,

N
VAN WL

SH, =8 ~, .
A ™ " vang,
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The corresponding computational chain is

illustrated in Figure 2. Here, vmﬁﬁi (°) denotes the
geometric range double difference referring to the
point of the kth track with mileage 5°. Differences
between VAr} (i°) and VAry) (3°) are analyzed in
Appendix B (see (B-6)).

Finally, we evaluate the generalized likelihood

ratio Ar(VAR) as

2

~ 1. 59
MVAR) = 3 expy 5V o P<VANWL>7

VAN?VLEXfD H,(.VAN‘I/;,L R

VWL
(33)
2

where ||V, VAN® is the weighted squared

’ Hk,VAN‘,fW_ ’ WL

VWL

L2 norm of the residual with weight R;! :

viL®
2
A W 1 oA
V. @ =V, V. ¢ .
K VAN ¢ v § o VAN
“H vVAN(S,L ’ WL R-1 Sy AVANﬁ/L VAN, v *Hy.vaN fVL WL

(34)
Then, the track detector will select the track with

the largest Ar(VAR). Concerning the set x4 of Double
Difference ambiguities employed in the computation

1 s
[I]VAr(") (s) %
3
+EB’+— [ : ]cvm +[]]CVAT+VA|} %
o, 2 :
Sl
D Van g
VAR
%}—[l} vary (5)= [I}VArjj” (5° )+Pi|VAr)'rk A
o 1 ' 1
D [vaN;, ]
+€}'— [fl}cvai + mcmi + VAR

h)
“H, VAV,

A(in)
‘S‘H.

Mileage Estimate

2 ()
o =85 +K 5
VAND, S0 Hy ZH. VANE;

alin)
5 A0
Hy VAND,

Linearized Observation
‘ H”zG”r Matrix

- [

D [ 4, VAN,
BL[I]VM”" (3°)= F] vary (5)+ [I}VAM
I H, =1 Hy \* I k.

~ |1 . -
}cVAI +|:JcVAT+VA|}

V.t ¥ bVl ad B

Vd AW
Y

Fig. 2-Mileage and residual computational chain. [Color figure
can be viewed at wileyonlinelibrary.com and www.ion.org/
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of the generalized likelihood ratio (33), we restrict
the computation to the set

Xo(Byw) = [[VAByw | — Apw, [VAByw | + Ay ],
(35)

where |x] is the greatest integer less than or equal
to x, and [x] is the least integer greater than or
equal to x. The parameter J,w that controls the
cardinality of T';, is selected in accordance to
the probability of including the true ambiguity in
the computation, similarly to what was performed
in the LAMBDA method to select the search set.
In the experiments reported in section 6
(Experimental Results), considering that the
receiver noise is low enough, J;w has been set to 1.

Let us observe that factoring R;' as R;! =

VL vwL
CVTWLCVWL, we can rewrite the generalized likelihood
ratio AL(VAR) in terms of a normalized residual
vector with uncorrelated components with unit

variance defined as follows:

g ~¢ ECVWL\"\A N¢ (36)
§ VAN, § , VANj,.
HEVANG, Hi VAND,
In fact from (34) and (36), we have
2
- T T
v, N¢ =1V N¢ CVWL
AHA,.VAI(IdJWL VAN, R < JH,c,vmil"’WL VAN
VWL
2
. 37
Con¥ vane | = |15 VANY, 4D
HvaRG, WL HwaRG, WL
so that
2
~ 1 Sé
MVAR = B ewpioale g P(VANWL).
VAN, &1 HVANG,

(38)

In addition, the a posteriori probability of each
hypothesis is approximated as follows:

2
_1 ~ P(VAW’ )
~2¢ exp{ 2|15 . AN, } WL
PI‘Ob{Hk/VAR} _ VAN €24 H) VAN, . )
1 ¢
_Z - P(VAN )
%‘, ~4.2 exp{ 2[5 VAN, } L
VANWLE;{Q5

Hm VAN,

(39)

TRACK DETECTOR PERFORMANCE

For the evaluation of the performance of the track
detector, let us observe that, denoting with P,,, the
probability of declaring that a train is on a wrong
track conditioned to the event that the Ath
hypothesis is true and assuming a priori that the
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M hypotheses are identically distributed, the error
probability P, of the track detector can be computed
as follows:

S

1

P(;: IMP()/,.

h

(40)

With reference to Figure 3, where the M tracks
have been indexed from 1 to M, starting from left to
right, we observe that for the computation of P,,,
two different cases have to be accounted for either
all the remaining tracks fall on the same side of the
“true” track (corresponding to the hypotheses 2 = 1
and h = M) or the remaining tracks fall on both sides
of the “true” track (corresponding to 1 < h < M).

Thus, denoting with P, and P, , the probability of
deciding a wrong track respectively on the right side
and on the left side of the true one, for the error
probability, we have

oMol . -
Pe=Pi+ ¥ o2 (P +PL) + P, (@D
h=2

As detailed in Appendix B, P;; and P, can be
computed in a compact and meaningful way under
the condition, met in practice, that the set of Double
Difference ambiguities employed in the computation
of the generalized likelihood ratio is the set y ,(dpw)
as defined in (35), with dyw < 2. In fact under this
condition, we may approximate the error probability
as follows (see Equation (B-19)):

g [Lyst |
Pehzzerfc{m s

where, as illustrated in Figure 3, d., , is the offset
between the hth and the kth track, I', is the matrix
(see (B-9))

.
I = -Cy(I-Hy,Gy,Ky,) M SVE,, — (43)

(42)

and erfc( ) is the complementary error function, i.e.,

Track #1 Track #h Track #k Track #M

Fig. 3-Multiple tracks geometry. [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org/
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erfe(x) = %Ce’zdl. (44)

In particular, for M parallel tracks with the same
inter-axis distance Ad, we have:

- 1 [IThe. |
P€:<l — M) ekfc{MAd}. (45)

where e, is the unit vector coplanar with the M
tracks and orthogonal to the track tangent.

EXPERIMENTAL RESULTS

In order to test the developed algorithm for
parallel track discrimination, raw data coming from
the testbed installed in Sardinia (Italy) along the
railway Cagliari — San Gavino (50 km) of RFI (Rete
Ferroviaria Italiana) within the framework of the
European Horizon 2020 ERSAT EAV project have
been used (see Figure 4).

The testbed includes an augmentation network
named TAAN (Track Area Augmentation Network),
consisting of six Reference Stations deployed along
the railway as illustrated in Figure 4, a Radio Block
Center (RBC) deployed at the Cagliari Station
facilities, and an Ale.668 train equipped with on-
board equipment for train location determination,
ERTMS train control, and connection of the train
with the RBC.

The TAAN implements two layers of architecture
(Local Networks + EGNOS Augmentation messages
and relevant RIMS raw data) for Local Integrity
Monitoring and computation of the Pseudorange
corrections for the ERSAT EAV demonstration.

The Reference Stations have been installed on
Public Administration buildings, following usual
monumentation best practices, including Power
Supply and remote TCP/IP connection. The Network
is managed by the Sogei’s GRNet Control Centre
located in Rome (currently operating an institutional
augmentation network in the center of Italy) for real-
time monitoring, quality check, and hourly RINEX
raw data collections. Specifications of the multi-
constellation, multifrequency receivers are reported
in Table 1.

The Location Determination System installed on
board the train can employ several receivers. The
tests reported here have been performed by means
of a SEPTENTRIO ASTERX3 HDC receiver.

The results reported next refer to two different
data sets. Data set #1 makes use of the pseudoranges
collected by the Reference Stations located at the
Villasor and Sanluri sites, with baseline of about
22 km. In particular, the data recorded at the
Villasor site have been employed to feed the still
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Fig. 4-ERSAT EAV Local Augmentation Network. [Color figure can be viewed at wileyonlinelibrary.com and

www.ion.org]

train On-Board Unit emulator. To stress the
performance validation, two parallel tracks with an
inter-axis distance of 2.4 m have been simulated
(compared to the Ilarger value adopted in
conventional lines), denoted in the following as
Track #1 and Track #2. Track #1 is the track the
train is on. Usage of this data set is motivated by
the fact that the train location is completely known,
and therefore, computation of the position error
statistics is straight forward.

Table 1—Local Augmentation Reference Station
characteristics

Tracking channels 120 channels
GPS: L2, L.2P, L.2C, L5
GLONASS: L1 C/A, L2P, L.2C
Galileo: E1, E5a, E5b, E5a + b
SBAS: WAAS, EGNOS, GAGAN,

MSAS

Measurements quality =~ Very low noise GNSS carrier phase

measurements (RMS < 0.2 mm)

Fixed ambiguities RTK 10 mm + 1 ppm (horizontal)
positioning accuracy 10 mm + 1 ppm (vertical)
Antenna Standard Dorne Margoline with
choke ring antenna
Communication NTRIP 2.0, RTCM 3.1
protocols/standards
Measurements update ~ Up to 50 Hz
rate
Vol. 65, No. 3

Data set #2 consists of data collected by the TAAN
and by the SEPTENTRIO ASTERX3 HDC receiver
installed on board the Ale.668 train during a run
from San Gavino station to Cagliari station. The
corresponding train mileage versus time is reported
in Figure 5. In this scenario, two parallel tracks with
an inter-axis distance of 3 m are present, with the
train running on Track #1.

As illustrated by Figures 6 and 7, where a 1-h
sample of the Melbourne-Wiibbena combination

35 T T T T T T T T

301

25}

20

15+

Train mileage [km]

0 200 400 600 800 1000 1200 1400 1600 1800
Time [s]

Fig. 5-Data set #2: Train mileage versus time.
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Fig. 6-Data set #2: Melbourne-Wiibbena combination double
difference of the recorded time series of two Reference Stations.
[Color figure can be viewed at wileyonlinelibrary.com and wwuw.
ton.org]
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Fig. 7-Data set #2: Melbourne-Wiibbena combination double
difference of the recorded time series of two Reference Stations
(detail of one double difference). [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]

double differences, scaled by the wide-lane
wavelength (Bymw/Awz) of data set #1, is reported, a
very low frequency component due to multipath can
affect the code channel. Nevertheless, noise
amplitude is small enough so that only a few
hypotheses may be considered for the receiver phase
ambiguities. In practice, for each visible satellite
whose elevation is large enough (e.g., >25°) to
guarantee that the multipath effect is negligible,
only two ambiguities corresponding to the ceiling
and to the floor of the double difference of the
Melbourne—Wiibbena combination have been
employed for track discrimination.

In Figures 8 and 9, the probabilities of the two
tracks computed on an epoch by epoch basis, without
any filtering of the receiver dynamics, for data sets
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Fig. 8-Data set #1: Track a posteriori probability. [Color figure can
be viewed at wileyonlinelibrary.com and www.ion.org]
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Fig. 9-Data set #2: Track a posteriori probability. [Color figure can
be viewed at wileyonlinelibrary.com and www.ion.org]/

#1 and #2 are reported. From these figures, it is
evident that the probability of the true track
(Track #1 for both data sets) largely exceeds that
corresponding to the false hypothesis. Thus, no false
discrimination has been observed in the elapsed time.

Concerning the accuracy of the train location, in
Figure 10, the time series of the error of the train
mileage estimation based on the maximum likelihood
criterion for data set #1 is shown. The mean value
of the error is —1.2 cm, while the standard deviation
is 5 cm, and the mean square error is about 5.2 cm.

When only the narrow lane is employed, the mean
value of the error is —0.7 cm, and the standard
deviation is about 5.77 with a mean square error of
about 5.8 cm.

In Figure 11, the corresponding Normal
Probability plot is depicted. Let us recall that in
the Normal Probability plot, the sample quantiles
are plotted in such a way that the resulting pattern
appears as a straight line when the data are samples
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Fig. 10-Data set #1: Train mileage estimation error versus time.
[Color figure can be viewed at wileyonlinelibrary.com and wwuw.
ton.org]
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Fig. 11-Data set #1: Normal plot of the train mileage estimation
error. [Color figure can be viewed at wileyonlinelibrary.com and
www.ion.org]

from a Gaussian distribution. Since the estimation
error is a nonstationary random time series, each
sample has been normalized with respect to the
standard deviation given by (14), before computing
the Normal Probability plot.

The normal plot evidences that while the central
part of the error distribution is well approximated
by the normal distribution, it has heavier tail than
the normal distribution.

Nevertheless, the largest magnitude of the error of
the estimate obtained by jointly processing the
Wide Lane carrier phase and Narrow Lane code
combinations is about 20 cm and therefore is fairly
well below the value required by ERTMS for the
virtual balise localization. Thus, there is no need to
solve the Narrow Lane carrier phase ambiguity.
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Fig. 12-Data set #1: Train mileage estimation error corresponding
to Track #2 hypothesis. [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]/

As illustrated by Figure 12, when computing the
train mileage under the hypothesis that the train is
lying on the other (wrong) track, the estimation error
becomes quite large. The same behavior is exhibited
by the pseudorange residuals.

We finally observe that joint use of phase and code
combinations, although reducing the average
accuracy due to the use of the code derived
information, which is in fact noisier than the carrier
phase information, prevents degradations due to
phase ambiguity mismatching.

CONCLUSIONS

In this paper, we presented a novel solution for
discrimination of a train’s track at the Start of
Mission, based on a high precision algorithm that
makes use of the Wide Lane carrier phase and
Narrow Lane code combinations, together with the
track constraint to evaluate the posterior probability
of each track.

As confirmed by the experimental activity, the
coarse estimate of the train location provided by
the Wide Lane combination is good enough to
reliably determine the track. The main advantage
is the trade-off between accuracy and time needed
to accomplish this. In fact, in our case, we do not
have to wait for ambiguity fixing.

To achieve track error probabilities compatible
with SIL-4 operational requirements even in strong
multipath environments, temporal integration and
multiple constellations can be applied. Nevertheless,
effectiveness of temporal integration can be
impaired by multipath errors highly correlated in
time. To reduce this effect, proceeding at the
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maximum speed allowed when in Start of Mission
mode, as in the current procedure, is recommended.

APPENDIX A. TRACK CONSTRAINED
RELATIVE PVT ESTIMATE

Let (bf,’,‘”i" (k)and ¢%S (k) be the carrier phases of the
signal with carrier frequency f; (and wavelength 1,),
transmitted by the pth satellite at kth epoch and
respectively received by the OBU GNSS receiver
and by the Master Station (MS). They can be
expressed as

i 1
() = {18 0) 4 NI, — el (K) + T ()

+C52‘Tmin(k) Sat( )+ﬁ¢ Tmln( )+ni¢‘>[;Tmin(k)}

(A-1)

1

M (k) = j [VMS(k) + NMSA— Il (k) + T 5(k)+

M) — oS ) + B (k)
+nP M), (A-2)
where
o 2 (k)= HXE‘” [k] — XTrain [s(k)]H is the geometric

distance between the pth satellite located in
XS“’ [k] and the receiver on board of the train
located in XTrain[g];

o ryslk)= HX}?“[ k]*XMSH is the geometric

distance between the pth satellite located in
X5“[k] and the MS receiver located in X*%;

e NMS and N]™" are the carrier phase offsets (in
multiples of the wavelength) of the MS and
Train receivers;

o 1K), I (), Thys(k), and T4, (k) are the
ionospheric and tropospheric delays along the
paths from the pth satellite to the GNSS
receivers (i.e., respectively, the MS and the
OBU GNSS receiver) for the kth epoch;

° SI;?;’ (k) is the offset of the pth satellite clock for
the £th epoch;

e otTrin(k) and 0tM5(k) are the train’s and MS’s
receiver clock offsets;

° nf{’l;M $(k) and nf[;T """ (k) are the errors of the time
of arrival estimation algorithm, generated by
multipath, GNSS receiver thermal noise, and
eventual radio frequency interference,
respectively, at the MS and the OBU GNSS
receiver; and,

%S (k) and g; T’“’” (k) are the biases, accounting for
differences 1n latency and delay among
channels, at both sides, satellite and receiver,
as well as the wind-up effect and antenna phase

centers.
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For sake of compactness in the following, we omit the
epoch index k. Let b(s) be the baseline between the

reference station located in XMS and the GNSS receiver
located in X7"*"(s) corresponding to mileage s, i.e.,
b(S) _ XTrain(S) _ XMS, (A_s)

and let e, . (s) and el be the unit vectors
corresponding to the lines-of-sight from the pth
satellite to the OBU and to the MS GNSS receiver,
respectively:

Sat Train Sat MS
XSar — XTain(s) XS X

Moo o Ms = T el
Sat Tr Sat MS
[ = x| x|

(A-4)

eg'min (S ) -

Then, for the single difference between the geometric
distances between the pth satellite and the MS and
the OBU GNSS receiver, we can write:

réimin(s) - rillle = |:1 - (ejllle) Tegqmin(L ):| rT;am( ) (A 5)

T
—(eprs) b(s).
Then, denoting with e;g and er.;,(s), the arrays
of the line of sight unit vectors

eys = [elg € ... eV, (A-6)

eT"ai”(S) = [elein(S) ezTrain(s) e%\;tm( )]7 (A_7)

Equation (A-5) can be written in matrix form as

follows:
rTrain(S)

—Iys = (I - Ioe;rain (S)eMS)rTrain (s) (A-8)

_eLS b(S),
where ° is the Hadamard matrix product (so that
given two matrices B and C, (B - C);; = B;;,C})).
Let us assume, without loss of generality, that the

Jth satellite is used as pivot (see Figure 13). Then,
denoting with S” the partitioned matrix

L 1
0 lNSm*j

SV = : (A-9)

Mg

where I, denotes the identity matrix of size M and
1, is a column vector of size M x 1 with elements
equal to 1, the single difference of a satellite
observable { can be written as

A = SUg, (A-10)
while for the double difference, we have
) ) ngin
VA =[SV —sV)] [ s ] (A-11)

Therefore, the column array VAL; = 1;VA; of the
double differences of the carrier phase pseudoranges
(expressed in meters) at frequency f; with elements

VAL, , = 2 { @] (k) = "5 (k) — |7 (k) = ¢y ()| }
(A-12)
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Fig. 13-Baseline geometry. [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]/

can be written as follows:

. ) ¢iTrain
VAL; = 2;[SV) -8V ] [ 0,15 ] (A-13)
On the other hand, from (A-8), it follows that the double

difference of the geometric distance VAr(s) is given by

. . |f’Train (S) ]
VAr(s) = [S@ —S(’w

rs (A-14)

= SO (1 —I-eT, .. (s)errs )T 7rain(s) — SVelsb(s),

so that the double-difference measurement equation
can be rewritten in matrix form as follows:

VAL; — ADD(s) + ¢VAIL — VAT — VAB? =

(A-15)
= JVANY 4 Hb(s)+VAn?,
where
ADD(s) = SU (I — el .. (s)ens)rrrain(s)  (A-16)

is the term accounting for the differences between
the satellite line of sights of the MS and the OBU
receiver, and H is the matrix of differences of the

p-th
satellite

. d
Ry . kh

~

k-th track >

N
Rxh AN
N

h-th track >

Fig. 14-Parallel track geometry. [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]/

Vol. 65, No. 3

directional cosines of the line of sight unit vectors

with respect to the pivot:
H=S8"el . (A-17)

Incidentally, we observe that (A-11) implies that

we can express the covariance matrix of VAn? in
terms of the covariance matrices

Riy,, = diag(2, o2 ot ), (ACI8)
Ry = diag(c2, 0200y )o (AC19)
of the equivalent receiver noise, as follows:
(]) (]) Rnf/)ATmiu 0 (]) () T
R = _ ! _QU .
s =[S STy g, (187 ST
(A-20)

To linearize the double-difference measurement
Equation (A-15) with respect to the train mileage s,
we observe that the sensitivity of ADD(s) with
respect to s is completely negligible when compared
to Hb(s). Therefore, let $° be an initial guess of the
train mileage and b(5’) be the corresponding
baseline:

b(S,\O) _ XTl'ain [f()} _ XMS.
Then, expanding the baseline in Taylor series with
respect to s, with initial point 5°, we have

(A-21)

b(s)=b(s°) + [Zﬂ As, (A-22)
where As = s — §°. On the other hand,
X Train XM S X Train
ob 0 (s) @ _0 (s)7 (A-23)

os os Os Os

therefore, denoting by G(s°) the vector of the tangent

to track at the mileage 5°:

. aXTrain
G = [ s } o

and substituting (A-24) and (A-22) in (A-15), the
following linearized double-difference measurement
equation is obtained:

(A-24)

VAL; — VAr(s®) — VAB{ + ¢VAIL — ¢VAT =

(A-25)
= JVAN? + HG(s°)As + VAn?, i=1,2.

Proceeding in the same way, for the double
difference VAP; of the code pseudoranges, we have

VAP; — VAr(s%) — VAB] — ¢VAL — ¢VAT =

) (A-26)
=HG(s")As+VAn?, i=1,2.
We note the opposite sign of the ionospheric
incremental time delay in the code and carrier phase
equations.
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Concerning the double differences of the
ionospheric and tropospheric delays, for large
baselines, or in the presence of strong spatial
gradients of those delays, a joint estimation of them
can be performed remembering that the ionospheric
incremental delay can be expressed in terms of Slant
TEC (STEC), so that

40.3-10'°
03100 rmc

i

VA= (A-27)

Rearranging Equations (A-25) and (A-26) into a
single linear system, Equation (2) follows. For sake
of simplicity, in the derivation of Equation (2), we
considered the case in which the estimates VAI; and
VAT of the double differences of the ionospheric and
tropospheric delays obtained from the best available
models are available. Otherwise, VAI; and VAT are

inserted in the unknowns, as in the ordinary RTK
method.

APPENDIX B. TRACK DETECTION ERROR
PROBABILITY

For the computation of P; , we observe that the
detector will perform a wrong decision whenever
there is at least one track, say the kth one, on the
proper side of the true one, for which the generalized

likelihood ratio /~\,((h) conditioned to the event that the
train is operating on the Ath track, i.e.,
2

~ 1 ~
Woox et | (et
~a 21% ., VAN,
VAN €14 Hy VAN,
(B-1)
is greater than 7\?, where in (B-1), we denoted with
Z;<h> ~  the normalized residual corresponding

S ¢
b WL
HpVANG

to the kth hypothesis, under the condition that the
train is operating on the Ath track.

To evaluate the probability that K,ih) > /N\,(Llh), let us

first express the normalized residual { ~,

N WL
Hp ANy,

in terms of ¢
S, VAND
To this end, with reference to Figure 14, let us
denote with s the current train mileage and with
Rx;, the corresponding point of the Ath track. In
addition, let d. ; be the offset between the hth and
the kth track and Rx; the point of the kth track
obtained by applying the offset d; ;, to Rx;,. For sake
of compactness, without loss of generality, let us
assume that the two tracks always run in parallel
so that the mileage of Rx; and Rx;, is the same.
Then we can estimate the train mileage for the kth
track by using Rx; as the initial point of the

6 -
VAN,
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linearization procedure. At this point, in order to
apply Equations (11) and (12), we first have to
compute the geometric distance double difference

VAr(,_]}Z corresponding to Rx;,.

We observe that the geometric distance r/ between
the pth satellite and Rx;, can be written in terms of
the geometric distance r/ between the pth satellite

and the point Rx;, as follows:
Pl _ Pol alol _ Pal | Pal olal
rre = dop ey epe = dip,efer + ey eper,  (B-2)

where e/ and e/ are the satellite line of sight unit
vectors with respect to Rx;, and Rx; and < ,> is
the scalar product operator.
Thus, the difference between the two geometric
distances is
6r/f.h = }’]f - r[ =
= rpl(eqef) = 1] + (dis €f).
In practice, since the offsets are rather small, we have
8’15, W=, el). (B-4)

(B-3)

The above relation can be written in matrix form
as follows:

orey = Ey, dyj, (B-5)

where Ey, is the directional cosine matrix associated
with the satellite lines-of-sight with respect to the
receiver lying on the Ath track. Thus, the geometric
distance double differences corresponding to the
kth hypothesis when the Ath one is true present an
additional term given by

VAo, = SVEy dyy, (B-6)

where S is the partitioned matrix given by (A-9),
that computes the single difference with respect to
the jth satellite. Incidentally, we observe that, due
to the fact that the offset between the tracks is just
a few meters, Ey, and Ej, are practically equal.

Thus, denoting with § ~¢ the estimate of the
H VAN, /H),

train mileage on the kth track corresponding to the

phase ambiguity VANﬁ,L when the true track is the
hth one, as illustrated in Figure 2 where the residual
computation chain is reported, we have

R R Vzlérk,h
N ~¢ =S ~¢ KHk . (B-7)
Hy VAN, /Hy,  H, VAN, VAaor
Therefore,
h h
¢ o =" s+ Didip, (B-8)
§  ~ VAN, §  ~ VAN,
H VAN, Hj, VAN,
where
17 ..
I, = -C,(I-Hy, Gy Ky,) H SVE,. (B-9)

In addition, let VAN‘é’VL be the true phase ambiguity
double difference. Then, based on (11), we have that
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the estimate s of the mileage of the train,

H), VAN, /H,
under the hypothesis that the train is operating on
the Ath track corresponding to the phase ambiguity

5@ . . R
VAN, , is related to the estimate SH,vANY, JH,
corresponding to the true phase ambiguities as
follows:
0

=g + — Ky
H,VAN?, | dwie
h WL W VANtﬁ

~¢
H. VAN, /H,

], (B-10)

where ¢ < is the difference between VAngVL and
ANy

VANY,, , namely:

¢ ~ =VAN}, — VAN, .

B-11
VAN, ( )

Moreover, with the aid of Figure 2, it can be easily

verified that

(h) )
¢ ~ =& , wane T ¥mE o (B-12)
§ ~ NVANy, A2 ’ WL WL

Hy, VAN

where ¥y, is the matrix
0
Yy, = —AwrCy,, (1 - Hy, Gy Kp,) Il (B-13)

Finally, by combining (B-8) and (B-12), we have:

(h) ~¢h)
g ~, =6 o T Wi, 5y 4 Didi.
¢~ VAN® VAN?, VAN
s ) WL » WL
Hk,VAN‘:fVL Hy VAN,
(B-14)
. h
Since C(A ) 5 is a zero mean, Gaussian random
s ~o VAN,
Hy VAN

variable with independent components, we can
rotate the reference system in such a way that the
first axis of the normalized residual space, say { '1, is
parallel to I'pd; ,, without losing independence (or
changing the metric).

Then, as demonstrated in Appendix C, when

Lidy -
Hrkdth a

s ~(h ~(h) . .
condition A,(1 's A,(;) is met almost every time when

(B-15)

>_%y\rkdk,,,|y. (B-16)
Let us observe that the inter-axis between tracks is
about five times the WL wavelength. Therefore,
(B-15) is satisfied when only a few ambiguities
around the one obtained by the MW combination
are considered.
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Thus, the track detector will decide on a wrong
track on the left side of the true one as soon as

/ 1
Cl<—§HFh—1d/1—1,hH, (B-17)

while it will decide on a wrong track on the right side
of the true one as soon as

! 1

C]<—§Hrh+1dh+1.hH~ (B-18)

Considering that (| is a zero mean, Gaussian random
variable with unit variance, the conditional error
probability is

/2
pr_ —_||rh+1dh+1hH _—Cld
€p \/_ _w

. || T 1z 10|
- AN

where erfc( ) is the complementary error function (44).

(B-19)

APPENDIX C. TRACK DETECTOR DECISION
REGION

Assuming that the double differences of the phase
ambiguities are a priori uniformly distributed, and
observing that for a given & -4 , both double-

VAN,

difference =~ ambiguity  vectors VAN;L =

VANY,+¢ s have to be considered, we can rewrite
WL

1~\,(1 " and 7\,(:’) in condition (B-1) as follows:

(h)

- 2 ~(h
A _ el y AA1(1><8 0 ) (C-1)
o VAR
VAN
—h 2 ~(h
AD _ el 4y AA}(’(a s ) (C-2)
e E)(:f VAN,
VAN
where
2
—3||E+Pre ~o
~(h
AA§1 ) (3 ~¢ ) =e e
VAN, 5
—516—¥re ~p
+e VAN s (C-3)

C+Wre ~p +Tidiy
VAN

A/~\(h) € ~4 :e_%
k VA]\I‘WI_

+e (C-4)

and the set y; is derived from y, — {VANfVL} by

indifferently deleting either ¢ ~, or —&¢ s .
VAN, VAN,,,

Since ( is a zero mean Gaussian random variable
with independent components with unit variance,
any variable { = T, obtained from { by means of a

Wiz ~p +idiy
VANy
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unitary matrix Ty, like any combination of rotations
and permutations, is still a zero mean Gaussian
random variable with independent components and
unit variance. Therefore, we can rotate and
eventually permute { in such a way that the first axis
of the transformed normalized residual space ¢, say

¢ '1, is parallel to I';dy, 5, without losing independence
(or changing the metric). Let
Lyd

= = C-S
ug, ||rkdk,hH ( )

be the corresponding unit vector so that I'xd; , = bu;,
where for sake of compactness we posed

b= ||Trdesl|. (C-6)

Then, with reference to the first terms of (C-1) and
(C-2), we have that

P [l (C-7)
as soon as
€I > [[¢ + bu ’ (C-8)
That in turn implies
Gi< -3 (©9)
To compare the other terms A/N\Lh) (F’mﬁfm) and

of (C-1) and (C-2), for a given

AR (e
\"vaN;,

Y.e -4 ,let us consider the transformation T, such
VAN,

that the second component ’2 of { is coplanar with
‘I’kaV ~¢ and I'yd,, and orthogonal to { /1 , and let

WL
u;, be the corresponding unit vector.

For sake of compactness let us pose in the
following:

— Ve C-10
aj kSVANi, g ug, (C-10)
= ‘I’c ~¢ U, C'll
@ =ik, o W (C-11)
so that
Yie o =ang, +au,. (C-12)

WL

Moreover, with reference to Figure 15, let us
introduce the vectors s, so,vq, andv, defined as in
Table 2.

The comparison among the norms of s1, s,, v{, and
vy is reported in Table 2 and in Table 3.

From Table 2, it follows that a sufficient condition
for which A/~\,(Zh) (SVA;I«:V L) > A1~\,(€h) (SVA;;L) is that
either

Vil* > st [Pand val* > |ls2? (C-13)
or

Vil > lls2]and||va|* > [s1]|* (C-14)

or

350 Navigation

Fig. 15-Normalized residual space geometry. [Color figure can be
viewed at wileyonlinelibrary.com and www.ion.org]/

Table 2—Vector definitions

Vector Components

s =0+ WYie ~s
V. wL

C/l+a1 C’z"‘ag}
Szicf‘[’ks ~d ,/

51:[
52:[(17(11 C/zfaz}
WL
V1:C+‘I’ksw§.» + Lidipy vl:[é‘/lealJrh é”2+a2]
V2:[

WL , ,
vy =§— ‘l’kSVA;[J. + dy O—a+b O—a)

Table 3—Norm comparison

2 2
=llsall <Ils.l
2 /
o o< TR R
||V2||2 (1) b > 2a, é"l < _/7_7+al
! 2a,
Cl <= g + b—%a] 4‘2
(2) b < 2a,

/ b 24
G >—3tra s

min{ v [P, [V} > | + Ind (C-15)
For the last condition, observe that
ey sl 5 sl (C-16)
and
2 tmin{ v P} s o4y oAl (C-17)

Therefore, when condition (C-15) holds, we have that

e sl S pe—tmin{ v v [*} (C-18)
so that A/~\,(lh) (s ~0 ) > A/~\,({h> <£ ~¢ )
VAN, VAN,
Fall 2018
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Table 4—Sets for which AA. <sv ~o ) > AR (sw~¢ ) and

WL wL

P18 e

Id Property Set

Dy vi|* > ||s1]|*and ,
H 1H2 HlH2 {Cl>—§+a1}
[Iv2[” > fls2 I

®2 |wi? > [ls2[*and 2wy
{él > _% - b+"1_?zct| Cz}”

/ by 24
{Cl > _§+b—%u,52}

. / a / b
Bl = min{ e} {e < Zabefe <= 2

2 2
(V211 > sl

and b .

[vil> > [Isi]* + Ind Cl —=—a+— 5 ,
® ol = minf vl 16> —cz}n{cl <2

s I g5 b ded — 2

[[v2]|” > |Is1]|” + In4 1 2 b oa,

The sets and corresponding to sufficient conditions
(C-13), (C-14), and (C-15) are reported in Table 4.

Similarly, a sufficient condition for which
AR (s » ) ~(h) ~

n SNt ) < AN (SVAN¢ ) is that either

WL

il < st Pand|lva > < 2l (C-19)
or
Ivil<lis2 andva] <1 (C-20)
: 2 2 2
min{lsi [ 52l } > Vol + Ind(C-21)

The sets corresponding to sufficient conditions
(C-19), (C-20), and (C-21) for the case b > 2a; are
reported in Table 5.

Table 5—Sets for which AR, " <a ~ ) < AR (s ~o )and
VAN, VAN,

P < T’

Id Property Set

i<t}

Qv <si|*and
2 2
V21" < szl

Q  |vP<]s:[and {a <*§*—b+‘§al(z}ﬂ
2 2
v2||"<|[s /
2Pl {6 < —4+ 2.0}
2 . 2 2 ' ax / b
% sl = minfjs P st} {65 - 2 )nfe s 2o
0 and oo b In2
4 |lse|? > [Ivalf + Ind STy ta s
st |* = min{iss |, 521}
and {(1 <—%(2}“{(1 > = [EJ}“

Isi* > []v2[|* + Ind

'
) b 4ar{,+In2
{Cl > =3t
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Fig. 16-Decision regions analysis. The area with a +45 degrees
hatched pattern correspond to Q2;, Qs Q3 Q4 The area with a
—45 degrees hatched pattern correspond to ®;, @, @3, @y [Color
figure can be viewed at wileyonlinelibrary.com and www.ion.org/

In Figure 16, the regions for which those sufficient

~(h
conditions for AA,(1 ) ( VAN, ) > AA,(< )< VAN, )hold are

filled with a —45 degrees hatched pattern, while
the regions for which those sufficient conditions

h
for AA/(/I )< VANWL) AA](;)( VA&?VL) and ef%HCHZ >

e Hemiaul’ hold are filled with a +45 degrees

hatched pattern. The region for which only e’ >

2
eAlle Tl holds is filled in cyan, while the region

1 2
for which only e 38" < e 2llet Tl nolds is filled in
yellow.
We finally observe that

P<D<Prob{Ak > A }51 — Po, (C-22)
where
1 ! !
Py = ﬂﬂ‘b exp{ Cl C2}d§1dcz, (C-23)
With(D:<D1U(I)2U<D3U(D4and
12 2
1 i+4,
Py = 5 Mo exp{ C1tc, 5 }d{ldCz, (C-24)

WlthQ=QIUQQU93UQ4

~ ~(h
Considering that A;Ih) and A,(;) are essentially

approximated by the first term, based on (C-22), we
approximate Prob{f\,((h) > /~\,(1h)} as

C/Z C/Z
Prob{/~\1<c Ah } —.[ﬁ.ﬁw {—g}dfrd?z:

2
-l
(C-25)
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