Dual-constellation Vector Tracking algorithm in
lonosphere and Multipath conditions

Enik Shytermeja, Axel GarciBena, Olivier JulierENAC, Toulouse, France
Email: shytermeja, garcipena, ojulien@recherche.enac.fr

BIOGRAPHIES

Enik Shytermeja is a PhD researchavithin the SiGnal
processing and NAVigation (SIGNAV) research group of
the TELECOM lab of ENAC (French Civil Aviation
University), in Toulouse, France. Heceived his master
degree intelecommunication engineering in 2011 from the
Polytechnic University of Fana in Albania and his"2

l evel master degr ee i n
Applicationso wi t h
Polytechnic University of TurinHis research interests are
GNSSsignal processing and receiver desigmd multipath
mitigationin urban environment.

Axel Garcia Penais a researcher/lecturer with the SIGnal
processing and NAVigation (SIGNAV) research group of
the TELECOM lab of ENAC (French Civil Aviation
University), Toulouse, France. His research interests are
GNSS navigation nesage demodulation, optimization and
design, GNSS receiver design and GNSS satellite payload.
He received his double engineer degree in 2006 in digital
communications from SUPAERO and UPC, and his PhD
in 2010 from the Department of Mathematics, Computer
Sdence and Telecommunications of the INPT (Polytechnic
National Institute of Toulouse), France.

Olivier Julien is the head of the SIGnal processing and
NAVigation (SIGNAV) research group of the TELECOM

lab of ENAC (French Civil Aviation University),
Toulouse, France. His research interests are GNSS receiver
design, GNSS multipath and interference mitigation, and
interoperability. He received his engineer degre2df1

in digital communications from ENAC and his PhD in
2005 from the Department of Geomatics Engineering of
the University of Calgary, Canada.

ABSTRACT

In urban environments, standalone GNSS receivers can be
strongly affected to the point of not beiable to provide a
position accuracy suitable for use in vehicular applications
In this paper,a dual constellation GPS + Galileo single
frequency L1/E1 Vector Delay Frequency Lock Loop
(VDFLL) architecture for the automotive usage in urban
environmenis presentedin the proposed architectuttbe
usualscalar tracking loops are abolished and inst&ad
EKF-estimated navigation solution drives the code delay
(VDLL part) and carrier frequency (VFLL part) Numerical

Control Oscillators (NCOSs) in the feedbddop for each
tracking channel.

However, the use of single frequency L1 band signals
implies the necessity of taking into account the ionospheric
error effect.This paper focuses on the implementation of
the  dualconstellation  singldrequency  VDFLL
architecture, capable of estimatitige ionosphere residual

fi Nexrori pgesentiiro the reeeivetl obstevdti@hbise work
ex cel | e ninvestigales thé tVBFLL isaperio2it) Ww2.t thie rsoakar

tracking receiver in terms of positioning performance and
tracking robustness in urban area in the presence of
multipath and ionosphere residual errors. Contrary to the
conventional tracking, the L1/E1 VDFLL loop is able to
accurately pursue the frequersnyd codedelay estimation
without the requirement of signal reacquisition process and
within limited positioning error.

1 INTRODUCTION

In the last decade, Global Navigation Satellites Systems
(GNSS) have gained a significant position in the
development ofpositioning and avigation applications
and associated servicégowever,in urban environments,
standalone GNSS receiver architectures can be strongly
affected to the point of not being able to provide a position
accuracy suitable for use in vehicular apgtions. Two
significant signal distortions are generafezm the urban
environment:

0 On one hand, the reception of reflected or
diffracted GNSS Line Of Sight (LOS) echoes in
addition to the direct LOS signal generates the
phenomenon known as multipath. uMpath
echoes represent one of the most detrimental
positioning error sources in urban canyons. In
fact, the reception of echoes distorts the ideal
correlation function and leads to a degradation of
the signal code and carrier estimations accuracy.
Conseguently, the pseudmnge and Doppler
measurements are degraded.

U On the other hand, the total or partial obstruction
of the GNSS LOS by the urban environment
obstacles causes GNSS LOS blockage or GNSS
LOS shadowing phenomena. The reception of
NonLOS (NLOS) signals due to GNSS LOS
signal blockage can then introduce a bias on the
pseuderange measurements if only NLOS
satellites are tracked. The LOS shadowing can
also decrease the LOS signal g@éxd thus makes
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the signal more vulnerable to the multipath solution drives the code deldyDLL part) and carrier
effects. Finally, the resulting degraded frequency (VFLL part) Numerical Control Oscillasor
measurements cause the navigation processor to  (NCOs) in the feedback loop.

compute an inaccurate position solution or even

to be unable to compute one in the case of few However the use of single frequency L1 band signals

available measurements (few satellites/iew). implies the necessity of taking into account the ionospheric

, ) . error effect. In fact, even after the ajpption of the
Conventional GNSS receike use a decentralized Klobuchar and NeQick ionosphere error correction
architecture, separating the signal processing module from  o4els to the GPS and Galileo epsiorange
the navigation algorithm. In fact, the first block performs measurements, respectively, a rdaglt ionospheric

the signal acquisition, correlation and tracking tasks for residual error still remains in the received observations.
both the code delay and carrier frequency/phase. \Werea Therefore,one of the main originality of this work relies
the navigation algorithm that can elthgr employaWelghted on the implementation of a duebnstellation VDFLL
Least Square (WLS) or Kalman filter (KF) technique .architecture, capable ektimatingthe ionosphere residual

provides the userds navigat 'er‘PoF'preé‘thﬁn%hEHedéi{?edo?oébrq/atidﬁss.er 6s cl o«
term estimation. As aresult in scalar tracking

configuration in the presence of weak signals or significant A detailed performance comparison between the scalar

signal power drops, loss of lock of the affected satellite  tacking and VDFLLarchitecture in terms of positioning
tracking loops can occur and thereforg, t_he associated performance and code/carrier tracking robustnéss
measurementare not passed to the navigation processor performedfor a simulated car trajectory in the presence of

due to their lack of accuracyTherefore, the navigation ionospheric residual errors fean urban environment

solu_tion performancecan become very pooin urban which is generated using the wideband DLR moddl [

environments. Specifically, this model generates an artificial scenario
o . representing the characteristics of a givemban

A promising approach able to cope with the urban environment,where the LOS and multipath echoes are

environmentinduced effectdncluding multipath, NLOS generated per each tracked sateliser propagation

reception and signal outages ise&tor Tracking (VT), channel

which was firstly introduced in [1]in vector tracking, a

deepintegration between the signal processitack and This paper is organized as follows:

the navigatiorprocessor exists since both these tasks are 1 Section 2 describes in detail the state and

accomplished by the central navigation filtefn

g ) ) observation model of the proposed dual
comparisorto conventional or scalar tracking (ST), where

- . . . A constellation singldérequenc L1/E1
each visible satellite channel is being tracked individually GPS/Galileo VDFLL a?gorit%m y
and independently, VT performs a joint signal tracking of '
all the satellite signds. Vector tracking exploits the 1 Section3 provides the flowchart of the VDFLL

knowledge of the estimated receiv 6 s position anawvigation filter,starting fromthe measurement
vel ocity to c o rdde/oarriertrackig r e c e i v @redictionand the computation of the observation

feedback. In f], the Vector Delay Lock Loop (VDLL) matrix. The main focus of this section is dedicated
architecture is explained in details, for which the to the description of the VDFLL measurement
navigation filter replacepart of the classicaldelay lock innovation vector and code/carrier NCO update
loops (DLLs) structure with an Extended Kalman filter formulation.

(EKF). In this configuration, the navigation solution
directly drives the codeNumerical Control Oscillator
(NCOs) of each tracking channel while the carrier
frequency/phase estimation is still achiewed classical
scalarway by the Frequency or Phase Lock Loops (FLLs
or PLLs) Vector DLL (VDLL) tracking performance of
the GPS L1 signal in weak sigAaknoise ratio (SNR)
environment and robustness against signal interference and
attenuation has been demonstrated 2y [3] and H].
Different cascaded vector trackigpproaches, associating
a local filter per each tracking channekre examined in

1 Section4, deals with the test set wugescription
that is split in three main partsFirstly, the
code/carrier tracking parameters for the scalar and
vector tracking operation modes are provided
the second parta short overview of the DLR
urban channel propagation model is given with an
emphasis on itsudput vector including the LOS
and multipath echoes parametetsastly, the
mathematical formulation of the multipath
affected correlator outputs that are further

[5] and [6]. employgd for the generation of the discriminator
outputsis given

In this paper, a dual constellation GPS + Galileo single 1 The test resultsfor an uban environment

frequency L1/E1 VDFLL architecture in urban representative under the presence of ionosphere

environmentis presentedThis configuration seen as a residual errors in terms of position/velocity

combination of the Vectorized DLL ¥DLL) and accuracies and EKF estimation errors, are given

Vectorized FLL Y¥FLL) loops, represents a concrete in Section 5.

application of information fusion, since all the satellite _ ) i

code/carriertracking channels are jointly acked and f The main conclusions of this paper and future

controlled by the common navigation Extended Kalman work will be drawn in Sectio.

filter (EKF). In other wordsthe EKFestimated navigation
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2 PROPOSED ARCHITECTURE Thus, the proposed VDFLL architecture is designed with
the objective of estimating the ionosphere residual error

In this work, we present the dual constellation single affecting each satellitabservation.

frequency band.1/E1 VDFLL architecturge whereinthe

code (DLL) and frequency (FLL) tracking loops are The chosen state vector model in our EKF navigation filter

coupled througtihe navigation solution computed by the implementation ighe PositionVelocity and Time(PVT)

central extendelalman filter (EKF). representationaugmented with the ionosphere residual

The reason behind this choice is threefold: states per each tracking chann@l for the Q epoch as
follows:

1 Firstly, the duakonstellation single frequency
vector tracking architecture ensures an increased

number of observations that can significantly o, Ul
improve the accuracy and availability of the 190 A
navigation solution; IF N
l?) R hn
1 Secondly, an enhanced vehicle dynamics tracking o€
capability of the receiver based on the EKF A Eoe b g0 R 1)
estimated receiver dynamics; t & n
11 h Il
1 Thirdly, the dualconstellation single frequency 1?0 N
vector tracking architecturereserves the low (R LY
costfeasibilityc i t eria of a mobile userods rlefeiiver .
w U
The proposed VDFLL architecture comprises three- sub
modules: the code/carrier tracking loops including the where:
DLL/FLL discriminators, the EKF navigation filter and the 0 A 1 is the 8x1

code/carrier NCOs updata the feedback loapThe
detailed architecture of the proposed L1/E1 VDFLL
configuration is sketched in Rige 1, where the code
delay and carrier frequeneyelated blocks are illustrated
in blue and brown, respectively.

absolute PVT state vectorcontaining the
following terms:
0 wQQM™Q and
® QhH QM Q denote the
receiverdds position
in the Earth Centered Earth Fixed

fir T

O ] VDFLL (ECEF) frame, expressed it and
E— ik Nmsiaton a7 , respectively;
=L Disciminator —— Filter o The receiver 6s clo
‘ l ‘ e comprising the receiver clock bias and
Greiegha | 10 ol e drift w.r.t the GPStime & fb
‘ —— o e | COMPUtatON expressed in unit ofd& and &7 ,
T respectively.
[ cartrnico _mm ] T & ; 5 denotes the ionosphere residual error
™) F in a , affecting thepseudorange measurements
e E?:.'?:JE.:"‘;W) forthe N1 GPS and N2 Galileo tracking channels.
Figure 17 The proposed L1/E1 VDFLL architecture In the PVT state vector only one clock bias state appears

since the interconstellationGPSGalileo clock offsetis
As can be observed in Figure 1, the central EKF navigation ~ considered as provided in a very reliable way by the
filter accepts the code £, and carrier Galileo navigtion message.

L < | Ir For simplicity purpose and according to the EKF state
d|s?|r|m|natoi outputs Jfor eacE SF;]S | J. .and vector of Eq.(1), a separate description of the EKF state
Galileo trackedchannelsas its input model concerning the PVT and ionospheesidual terms

vector. Contrary to the scalar tracking counterpart, where

. ) will be provided.
the code and carrier NCO corrections are generated locally

per each channel, in the vectorized architecture the code
and carrier NCO update is achieved by projecting the-EKF 2.1.1 EKF PVT State model
predicted navigation solution in the pseudorange and The PVT statespace model of the EKBased navigation
pseudorange rate error domains. filter in the continuous time domain is established as
follows:
2.1 EKF State Model 0
The use of dual constellation but single frequency L1 band 08 ° 00 o 00D 0O &)

signals does not cancel out the ionosphere effect on the . . L )

observations. In fact, ionosphere residuabesrare still where —@  denotes thetime derivation operation
present in each pseudorange measurement even after applied toPVT state vectorw 0, "O0 is the state
application of the Klobuchar or NeQuick corrections. transition matrix describing the used splatform and

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



receiver 0s cd @ dskthe dojorech noise s |, process noise discretization for the postiand velocity

transition matrix andd 0 is the process noise vector states along the-axes is computeds:
representing the uncertainties affecting the system model )
Solving the differential !aquation above provides the state . " b y'YOn TSP T gy o
vector estimation at timeas a function of the state vector Uk nop "M, Y'Y p 00
attimeo tas[10:
Finally:
o A@b 0oQoWwo T (3) . .
B Y'Y Y'Y
0rn » Ouy,? S (10)
The discrete state transition matrix is then computed as: Y C Y'Y
AV (4) The same logic is applied to obtain the discriétee
. . L ) process noise covariance matrix forthaydza x e s user
Where Y’Y 0 0 is the time step between two position projections:
successive epochs.
: : : yy ¥y A
The matrix exponential i-s calculeﬁtved 28 dhecTﬁaylor(ﬂ)s pow
series expansion of the continuetiree transition matrix ? Y'Y vy
Oand by truncating it in # firstorder solution, the c
. o . ) and,
discrete state transition matrix is expressed as:
"0 ¥y v v
h uO "@237"Y (5) . YY 0’ YY c
& EA v Fl ” o N7’ (12)
¢ T Y'Y ¢ S',-:Y

Finally, the PVT discrete state transition matrix,

representing the dynaadgioaks ofThée disermr &4 eplraetciegirvner 6s cl o

is given by matrix is modelled based on
parameters and is computed as follows:

0 T T T
T 0 T T
i i 0 i (6)
n m m 6 F & F off Otrwg T OF ORFQ
where: it
. p YYO,, T AP Ty
5 P iY. ™ mop T, TYYop (19
. . . . LSYY LY Y
Concerning the process noise vector the five tuning @ Q@ o " QCy\? C
factors of its continuoume covariance matrixk are ¥ 3y
grouped into two main categories " c g? )
) R wheret he receiverodés oscillator
U Useros dynamiedd eseénsigt it R cidékSbfag dhd drift terms are detailed in the following
dynamics uncertainties amtluding the velocity section.
error variance terms along the three ECEF axes
» 0 h  that are projected in the position 2.1.2 EKF lonosphere Residual State model
domain through the state transition suhtrix

5 - The use of dual constellation but single frequency L1 band

U Receiver 06s oscill ator ngiqn%ls§d0e§ Erlow tgretpr%rlge i i of the

Density (PSD)i ncl uding the osc lglr(?)?)ﬁ): ?reoan?:l lﬁequ ck |0nosphere grlIr((:)arltl(Z:r:)rrc;fctlt(r;r(]3
noise PSDs affecting the receivelock bias _mode o the GPS and Gallleo pseudorange

denotedag and the oscillator 0mseasuremens res eé’tlve[1 a rgsultant ionosphere
variance, .Boththese PSD values depend on the P Y, P

. — o ” residual error still remains in the receivdaservations.
Allan variance parameter®, Q andQ

The ionosphere residual error is correlated in timecamd

The PNVT _process anOiS? covariance matr'f.X R be modelled as a first order Gauskrkov (GM) process,
Q QWG {h hO {5 inthe discrete domain per each having an exponentially decaying autocorrelation function,
entry can be expressed as: aspropogd by the civil aviation communityn [11]. The

first-order GaussMarkov stationary process is expressed
in continuous time as follows:

0 B 40 B 4 Q6 (8

. _ _ N & Pa oon (14
where0 represents the process noise covariance matrix in T
the continuous time domain for the userdéds position and
velocity along thex ax e s . Thus, the wuserds dynami cs
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where @ denotes the ionosphere residual GM random
processt is the ionosphere error correlation time that is set
top dr 1t according to the GPS L1 and Galileo E1 MOPS,
respectively provided in [11] and [12] and is the process
driven noise with zero mean and variagce.

The discrete time model of the ionosphere residual GM
random processo; at the Q epochis expressed as
follows:

- y
Wy, Q7 g 0 j (19
In discrete time, the process driven noise varigncg is

deduced from the global GM process using the following

relation: .
Y

. 5w ROP QT (16)
where the standard deviation of the ionospheric residual
error,  for the singlefrequency GPS L1 and Galileo
E1 signals is obtained from the Klobuchar and NeQuick
ionosphere correction models, as detailed in the Simulation
test section.

Since this work is focused on the proposal and
implementation of the VDFLL algorithm, the ionosphere
residual error impact on the pseudorange rate measurement
and its mathematicabfmulation is of great interesthe
effect of the ionosphere residual error in the pseudorange
rate measurement @y can be deduced through
differencing the ionosphere residual error between two
consecutive epochs:

Wy WOf Wy WOf

o 0 Y'Y
While, the ionosphere residual rate process driven variance
. affecting the carrier tracking loops, is computed as
follows:

O

(17)

-
¢d Op Q

(18)

2.1.3 Complete VDFLL EKF State model

Combining the discrete state transition matrix relations,
related to thePVT and ionosphere residual error terms,
respectively provided in E@5), (6) and(14), the complete
VDFLL state transition matrix is formulated as:

h

=
mh
=

o . (l
11 P Yy 1
LT Q T[ m (19
. é T E m ::
yy
U T nQ v

where is the discrete PVT state transition matrix

Yy
detailed in Eq(6) and'Q T is the exponential decaying
coefficient of the ionosphere residual error for each
satellite (GPS and Galileo) channel fréth p 0, for
06 0 0.
As a consequence, the process noise covariance matrix
should take into consideration the ionospheritudbance
present on the received signal and is expressed as:

CA
¢

rf) n E L
5 .o oA T T (20)
1 € n E L
uT T 8 , 5 U
for which 0 is the discrete process noise covariance

matrix comprising the sier 6 s dynami cs
oscillator errors presented in E§) to (13) and,  is

the ionospheric residual error driven process noisedoh
satellite channel frofQ p 0.

2.2 EKF Observation Model

The nonlinear relation between the state and the
measurement vector is expressed as follows:
a Qb 0 (21)

where "Q is the nonlinear function relating the
measuremerd to the stat& and0 isthe measurement
noise vectothat is modelled as a zemean uncorrelated
Gaussian noise process and independent to the process
noise U . The measurement vectot comprises
pseudorages” “and Doppler measuremerits®, output

from the code/carrier tracking process for e p 0
GPS L1/ Galileo E1 tracking channels

mh

a

g&* * E* 0 @2
Including the ionosphenesidual error impact, the GNSS
pseudorange measuremeots given satellité{from the
GPS 0 p and Galileo (¢ satellites inview) at epochQ
are rewritten as:

” 'Q
Y o ® Ep Q@ moQip (23
Y » ® Er Q Op "Q 0g
where:
. ¢ 0 S o ¢ . S o
Y ; Q Q" W2 6 a Q

is theGPS and Galilesatelliteto-user geometric distance

at the current epoct

While the remaining Mentries of the measurement vector,
constituted by the Doppler measurements, are modelled as:

; Q@ o 0 00 d 0
® Q0 o I 0
(24
® Q0 o I 0
0 &

e K o N K

where

 the & hd RO are the LOS projections along
the three ECEF axe$t Gt , given by:

6 QO 60
. - = (29
© Y Q
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T & g andd ® ho hx  beingthe

3D Qsatellite positod veatos er 6 s

expressed in the ECEF frame, respectively;

T & ol and & o ho M denote
the 3D Qsatellite
expressed in the ECEF framiespectively;

f ® denote the wuseros
time expressed ind ;

T & represents

cl

the —upser 6s
® , and® , denote the ionosphere
residual and residual rate errors in unit@f and
a Ti affecting the GPS and Galileo code and
carrier measurements, respectively;

17 (¢ ﬁF11: ;) denote the zermean Gaussian

distributed noises affecting the pseudorange and
Doppler measurements, respectively.

The measurement noise vectoris modelled as a zero
mean uncorrelated Gaussian noise process and independent
to the process noise :

o T
ouv I (26)
o0 YOI h AIAGGAT A
wherd denotes t he Kr & mepresendsr 6 s

the measurement noise covariance matrix

In our vector tracking algorithm, the measurements are
interpreted as the addition thfe discriminator outputand

the measurement prediction. Assuming that tteeatelay
and carrier frequency errors are small enough to fall into
the discriminator linear region, thdiscriminator output
can then be directly interpreted as the EKF innovations

Recalling from the statistical theory that the derivative of a
1storde GaussMarkov process is a Gaussian ndije the
EKF filter is not capable of observing and later estimating
the ionosphere residual rate error effect on the Doppler
measurements. In order to cope with this issue, the
measurement covariance matrix termsated to the
Doppler measurements are increased byidimesphere
residual rate process driven varianycg from Eq.(18).

The measurememidise covariance matrix has in the main
diagonal the following entries:

Q

] 2 ChE 08 VEP QO 7
2SO0l 8ol k Q¢p Q0

where the first entries refan the pseudorangéode)
measuremergrror variance terms for the tracked GPS and
Galileo satellites, while the secotefmsare related to the
pseudorange ratéarrier) error variancs for all tracked
satellitesQ

3 VDFLL EKF FLOWCHART

The detailed flowchart of the VDFLL EKF estimation
process is illustrated iRigure 2, where it can be noticed
that the EKF estimation equations falltivo categories:

U State prediction (time update)equations,
performing the propagation in time of the state

anvdctomser 6s

ock

vectorcand its covariance matri® from the
previous time epoclf2 p to the current on&

0 Measurement update (correctiongquations,
refining the predictions by feeding the

v @eagugementjinnovation vector into the filter and
thus, obtaining the improveda posteriori

b iesdirsates s 0. st. t he GPS

c

Enter .
Xtr State Prediction Measurement Update

1.1 State Prediction (Propagation) stage: N
2.1 Kalman Gain Computation:
Nt = @ Xiqpt "

a
K= Pujy - HE - [Hi - Py - B

1.2 State Covariance (Propagation) stage: 22 "
.2 State Estimate update:
Piie = 4 Py 1 + 0, ate Estimate ups Measureme nt

K= Xyt + Ky i = 52) it vt

l -
Continuing stegs] 2.3 State Covariance update:

Pifi-1
= (1= KyHy)Pypy (1 = Kyhty) T+ KRy KT

C1. Measurement Prediction:

B = Xy

€2. Construction of the observation
matrix:

iy
B

Hy(Ker) =

Figure 2 7 The complete flowchart of the EKF
recursive operation constituted by the state
prediction (in blue) and measurement update (in
green) blocks.

The EKF measurement update process requires the
cBripltdtin & Mveb intermediary steps, such as the
measurement prediction and observation matitx
calcuhtion.

3.1 The Measurement Matrix 7 g generation

The predicted measurement vector is computed by
applying the nodinear observation functioi@on the state
vector prediction = s and includes the predicted

pseudorange  and pseudorange ratéds for each
satellite inviewQ p 0:
« v v E

é ” ” En TQ (28)

The only difference w.r.t the scalar tracking EK&sed
solution consists on the addition of the predicted

ionosphere residuals errcﬂrp'i to the predicted ranges and

user6s clock bias terms as:
o)
Y és X és v Q m Q ip (29
YooEs X s 0@ 0p QF

where Y is the predictedQ satelliteuser distance,

L

s X denotsthe predicted clock biases w.r.t the GPS
time scaleané= ¢ ¢ Q@ refers to the predicted
ionosphere residual error positioned inghe “@lement of
the state vector predictioh s . afterthe8 PVT states.

Whereas the predicted pseudorange rate is provided
as:
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” @?Q £, ¢ a Q
@’ L, v AW Q
620 L, ¢ W Q@ L, y (30)
Taop ¥ Q Lo Q
%
Where
T £ ¢hty Ths o is the

predicted usevelocity vector in ECEF frame;

1 &y denote the predicted LOS projectiaieng
the three ECEF axes;

T £  refers to the predicted clock drift in
L L

7 y_ 2 denotes the
contribution of the predicted ionosphere residual
rate computed as the change rate betwben t
ionosphere residual estimations of two
consecutive epochsl andk.

Finally, the VDFLL observation matrix accounting for the
ionosphere residual errors is formulated as:

0 :
O F PE Tp
110 R Tt E T
1) I

O 1 |O h T 8 p I (31)

"o n E ma
1) 2 1
llO F‘ m E Ty
uO ™ Ty

whereO ; andO ; arerow vectors thabmprise

the pseudorange and pseudorange rate predictions partial
derivatives w.r.t th& PVT states, provided in [13].

3.2 VDFLL EKF Innovation vector

The proposed dual constellation VDFLL algorithm
operates at a 50 Hz update rate matching with the scalar
code/carrier tracking update frequency. Thde delay and
frequency carrier estimation press are achieved per
channel basis as in the scalar configuration, however in the
designedvectorized architecture, ttmde and frequency
discriminator outputs will be directly fed to the EKF
navigation filter as its measurement innovation vector
& 7, asshown irfkq.(32).

As explained earlier, this is valid under the assumption that
the code delay and carrier frequency errors fall into their
discrim nat or é6s | i near rcengputedn
code and carrier NCO feedback loops to each satellite
channel are performed at the code and carrier accumulation
rate.

The measurement innovation vector  ; at epochQ
includes the pseudorangend pseudorange rate errors
- for each tracking channé p 0 that are
computed from the code and carrier discriminator
functionsusing the following expression:

a Fooa aru
Qg - Q¢
w <
~Q— O_h " h e (32)
W -
9 26 T h ?

where the firstd terms for the GPS) and Galileo

0O p O channels, related to the pseudomng
errors, are expressed i and computed from the code
discriminator outputs , while the remaining) entries of
the measurement innovation vector denote the pseudorange
rate errors in Gfi obtained from the frequency
discriminators.

3.3 VDFLL NCO Up date

The Doppler frequency correctiof per each
tracking channel, closing the feedback loop to the carrier
NCO, is computed by projecting the predicted velacity
and clock drift errors states in the pseudorange rate error
domain as:

0

Q —0 0 O (33
w

where:"Q plv x v TQ’ﬁO(ixefers to GPS L1 & Galileo
E1 carrier frequency anade ¢ p T is the speed of light
in (m/s).

On the other hand, theslative code NCO command for
each channéells forwarded to successive tracking epoch
by taking the difference between the pseudorange
predictions of two consecutive measurement epochs,

denoted as ®Q p and” Q, respectively:
yQ Q p
” TQ p ” TQ ’FQ,QQI;]
Y'Y i
Therefore, the code NCO frequency can be expressed by
the addition of the relative code NCO to the nominal
chippingfrequency’Q , expressed as:

(34)
Q 3

“Q ’?‘Q p nQ
4 TEST SETUP

Within the scope of this research, a realistic dual
constellation duafrequency GNSS signal emulator
comprising the navigation module has been developed in C
language platform to improve the processing speed. The
term emulator comes from the fact that tbeeived GNSS
signals are simulated at the correlator output level. The
developed signal emulator is a powerful tool for flexible

y'Q Q p (35

anghd WS GNSB fecdvd Resting, for which all the

processing blocks from the
function, passing hr ough the <channel
and up to the different navigation algorithms are all
designed in a modular manner. This allows easy
modifications according to the test scenarios and user
motion and with the objective of providing an efficient
switch between the scalaand vector tracking operation
modes.
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Two distinct GNSS receiver architectures will be analyzed L1/E1 Carrier Tracking Parameters

with the scope of performance comparison: Scalar Configuration
i The proposed L1/E1 VDFLL EKF architecture PLL order (for scalar) 3
working atY'Y ¢ T i integration time and thus PLL noise bandwidth 10 Hz
providing 50 Hz code and carrier frequency Ageg (for scalar)
updates. PLL period 0.02 s
Carrier phase discriminato Atan 2

U Scalar tracking employing aorder loop PLL
and a DLL, with a KF positioning module for the
PVT computation operating at the same rate as for
the VDFLL EKF case (50 Hz).

Vectorized Architecture

Carrier frequencyeriod 0.01s
Carrier frequency Cross Dot Produc
discriminator

4.1 Simulation Parameters

The simulatios performed in this work are related to a car

trajectory in Toulouse urban artmat waggenerated based A detailed perf . bet th | q
on the data collected during a real test campaign elaiied performance comparison between the scalar an

Toulouseusing areference trajectory computed by the vectorized configurations will be assessed in two different
Nov At el 6s SPAN r thecariltwest be mo u nl‘?v%lsd on

noted thatonly the simulated car path o800 seconds Y Navigation level expressed in te
duration istaken from this trajectory that is illustrated in position and velocity estimation accuracies, and
Figure 3. The simulated reception conditioase that of a their errors statistics expressed in alosgd cross
complete urban multipath model integrated to the receiver track coordinates;

model in the presence of ionosphere residual ertsoth e

test scenarios, theris maximum of13 simultaneously T Channel level:indicated by the code delay and
tracked GPS L1 and Galileo E1 channels dutimg10 carrier Doppler frequency estimation errors and

minutes urban trajectory 2(;:ptiséz;llngoar:gitigﬁ;/iations in degraded signal

T

The simulations hereipresented use the GPS and Galileo
constellations in the L1 band, taking into consideration the
binary phase shift keying BPSK(1) modulation for GPS L1
and the binary offset carrier modulation BOC(1,1) for the
pilot signals.An RF frontend with a 24 MHzandwidth
(doublesided) is assumed-our main differences can be
envisaged between the scalar and vector tracking operation
modes.

1 Firstly, the KF navigation filter in the scalar
receiver operates on locked satellites whereas the
VDFLL algorithm takes se of the measurements
coming from all the satellites in viewwith a
specific weighting scheme

Figure 31 The reference car trajectory in Toulouse

city center.

1 Secondly, the satellite lock detection test is
implemented through the C{Nstimator [14] and
under outage conditions, a hot-aequisition
process of 1 secal duration is applied with initial
code errors related to the L1 and E1 code
autocorrelation sharpness and initial frequency
errors equal to Doppler bin size of 25 Hz.
Contrary to the scalar tracking configuration, a

The receiver parameters used during the tests, defining the
scalar (ST) and the vector tracking (VT) loop design are
summarized iMTablel.

Table 17 Code and Carrier tracking parameters for
the scalar and vector tracking architectures

L1/E1 Code Tracking Parameters fi s | i-wdiinndgo w ¢ estidatibh function is
DLL order (for scalar) 1 implemented in the vector tracking algorithm that
DLL noise  bandwidth 1Hz removes theeed of a recquisition module;
PAneg  (for scalar) ) )
DLL updateperiod 002s 1 Thirdly, the VDFLL state vector is augmented
Code delay discriminator | Early Minus Late Powel with the ionosphere residual error per tracking
(EMLP) channel, while the classic _PVT state veci®r
GPS L1 chip spacing 0.5 chips employed for the scalar architecture;
Toave 1 Last but not least, the tracking error variances in
GAL E1 chip spacing 0.2 chips the operloop configuration are fed to the VDFLL
oA measurement covariance matrix, since the
code/carrier feedback is closed after the EKF
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position updateWhereas dr the scalar tracking
operation mode, the classic DLL and PLL
tracking error variances are included into the
scalar measurement covariance mathix for
each locked satellite as in [15].

In the proposed VDFLL architecture, an Early Minus Late
Power (EMLP) discriminator has been chosen for both the
GPS BPSK and Galileo E1 BOC (1,1) channglse code
tracking error variance in the presence of thermal noise and
in the operoop configuration is computed as [13]:

QJIY .
3"— (1
C J d) ] JYy

Qe (36)

The FLL tracking error variance of ti@grossProduct CP)
discriminatorin the operoop configuration is given by:

N B
“—h @37
o]

~ &) 'S p
Q2 5 I—p

& Vnaig"

where
1 “Y and’Y denote the code and carrier filter

integration interval equal to 20 ms;
1 o isthe code chip spacing (0.5 chips for GPS L1

and 0.2 chips for Gal E1 BOC (1,1);

is a coefficient reflecting the sharpness of the
code autocorrelation function (1 for BPSK(1) and

3 for BOC (1,1));

1 OX0 refers to the estimated carri@rnoise
ratio from the tracking loop of the incoming signal
from the’Q trading channel;

T Q p8rc o @ AT AQ p® X L T0OG
denote the L1/E1 code chipping rate and carrier
frequency, respectively.

T

It should be reminded that the ionosphere residual error
rate variance is added to the carrier tracking error variance
in Eq.(37) as presented in E(R7).

4.2 Urban Multipath Generation Model

In this work, an urban channel model has been used to
generate the amplitud® , delay T and phases of
each LOS and multipath echoes. This model, knowhes t
DLR Land Mobile Multipath Channel ModdLMMC),

was developedthanks to an extens measurement
campaign conducted by DLR in 2002. Moreover, it is a
freely accessible algorithm for academic purposes that can
be downloaded from the DLR website [7], [8]. This model
generates an artificial scenario having the urban
environment charactetis including potential obstacles to
the received GNSS signasuch as trees, buildings,
lampposts, as given in Figure h the urban channel
configuration,only one satellite at a constant azimuth and
elevation angle is simulated at a timEhe following
parameters are loaded into this model:

1 The urban scenario parameters, required to
reproduce a typical city street, which include the
road wi dt h, buil dingsé

trees/ | amppost sd Alhteeseg ht s
obstacles are statistically genect

1 The receiver speed and heading angle;

The satellite elevation and azimuth angles in
degrees.

The direct ray (LOS signal) follows a deterministic model
determined by the obstacl es
the LOS amplitude, delay and phase are obtained by ray
tracing and geometric techniqud$e NLOS echoesre
generatedn a one by onemamer, where eachmultipath

ray is associated with a reflector that is generated following
a statistical model

Furthermorethe number of echoes and their life span are
statistical variables depending on the satellite elevation
angle.The urban environmewbnditions are generated for
each GPS and Galileo tracked satellite by feeding their
elevation and azimuth angles to the modified DLR urban
channel.

NN e M N N

LoxA

Figure 41 Artificial urban scenario genefated by the
DLR urban propagation channel model [7].

In the scenario generation process, the vehicle is set to
drive in the middle of the road with the antenna height at 2
m and the building average height set to 10 m, while for
coherency issues, the car speed and heading angle is read
from the reference trajectory at a sampling frequency equal
to the VDFLL position updateDuring the reference car
trajectory, 13 GPS and Galileo satellites are jointly tracked
by the receiver. The multipath power delay prof(lPBPs)
have been constructén order to clearly illustrate whether
the tracked satellites are in LOS or NLOS reception
conditions during th&0000 epochsG00 sO50 Hz/s), as
illustrated inFigure 5 for two different PRNsThe color
codei s an indicator of t he
attenuatiorw.r.t. the ideal open sky LOS powevherethe

blue (low signal powerand the red (high signal powen)

the near echo region (from v &) represent the NLOS
and LOS satellite condition, respectively.

height and t he
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Multipath Power Delay Profile of PRN3

Pouer [dB]
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Figure 57 Multipath power delay profile for a: a)
LOS (PRN3); b) NLOS (PRN 51 tracked satellite.

As it can be observed, the PRN3 satellite denotes & LO
satellite due to its high signal power from the LOS ray
illustrated in red color. Whereas, PRN14 represents a
NLOS satellitebased on the green/blue color cosligh
short transitions to the LOS state along the car trajectory.
Contrary to the scalar receiver, where the NLOS satellites
do not pass the lock detection test, in the VDFLL
architecture they are all directly fed to the navigation filter
but deweighted up to a certain level by the EKF
measurement covariance mathx.

4.3 Multipath -affected Correlator Outputs

The simulation tool that has been used to test the proposed
vectorizedarchitecture is a higfidelity GNSS receiver
simulator that is based on the fine modeling of the
correlator outputs. As such, it thus does not require the
generation of the actual signals, but only of the
corresponding correlator outputs. It is thus extely
important to be able to reproduce very accurately the effect
of the error sources of interest on the correlator outputs.

In the tracking stage, the generation of the correlator
outputs is certainly affected by the LOS and multipath
echoes that increa the code delay and carrier frequency
estimation errors. For a clearer understanding of the
measurement generation process, a short description of a
channel model specifically developed for GNSS
applications in urban environments will be given.

The geneated database of the received signal rays,
obtained from the DLR urban channel model, consists of
time series of amplitude, delay and phase of the LOS ray
and NLOS echoes received from the satellitewignv
elevation and azimuth angles. In order to abtarealistic
vehicle urban scenario coherent with the reference car

trajectory fed to the EKF navigation filter, several

modification were applied to the DLR model. Firstly, the

DLR urban trajectory was generated at a sampling

frequency equal to the VDFLLtorrelation duratiomate.

Secondly, this model was adapted in such a manneit that

can also provide the Doppler frequency of the LOS ray and

NLOS echoes, as an output vector for each egpoch
a6ao o6 ,t ,» ,Q é

- 38

5 + . o o O

Where:
A o6 ,t ,» ,Q denotes the LOS ra§s
amplitude, delay, phase and Doppler freqcy for

MQp ¢ ;
A o t e ,Q denotesthe NLOS
ray® Q p £ 10 0 0 "¥mplitude delay, phase

and Doppler frequency fofQ p ¢ ;

It must be noted thiahe DLR model provides up to three
LOS rays, due to the diffraction effects occurring for
certaingeometries.

Furthermore, the LOS and NLOS echoes information,
given above irEqg. (38), is fed in the tracking stage at the
correlator output level per each satellite in view, following

classical models of the correlator outputs (for the
a satellite):
‘0 6r OY - & Q Al © "
VETA . Jy
6r OY - ; o) o&'réﬁ

DVETAD L Oy

(39
0 6 OY - . Q DET |
VETA . I
0r OY- Q DET |
DETA . Jy & §
Where

1 &indicates the Early (E), Prompt (P) and Late (L)
code replicas shifted K9, depending on the chip
spacing’Y as follows:

Y ¢ 00 0
Q T nQ v (40)
Yj ¢ Q0 0
1 The channel errors including the code delay,
carrier  phase and  frequency  errors
hor PR Moy

respectively computed as the difference between
the LOS/NLOS related data and the
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corresponding VDFLLEestimated values in the
feedback loop per each channel, expressed as:

TR Th r T
TR ot hRT (41)
I ¢ Qp o Q
fore demotingt he signal 6s i niti
T ¢ 5 and &  represent the In Phase and

Quadrature correlator output noise terms of the

a tracked channel, respectively, added
according t h eovar@mce r e |
matrix.

t o

5 TEST RESULTS

In this sectionthesimulation performance comparisén
analyzed in details between the proposed VDFLL
algorithm and the scalar tracking architecture with the KF
navigation module, focusing on the along and cross track
errors and code/carrier tracking channel estimation
accuracies. This analysis is providddr the urban
environment representative with the inclusion of the
multipath channelsd paramete
model into the GNSS signal emulator and the presence of
the ionosphere residual errors. As previously stated, the
ionosphere residuarrors affecting the tracking channels
are estimated by the VDFLL navigation filter. However,
there is no a priori knowledge of the ionosphere residual
errors magnitude. For this matter, an adaptive state
covariance matrix0 is employed for the ionospheer
residual states according to te@andard deviation of the
ionospheric error, , computed based on the mapping
function as presented in [11] and [12].

The position and velocity error comparison between the
scalar trackingST) + KF positioning module at 50 Hz and
the VDFLL algorithmarerespectivelypresented ifrigure

6 and Figure 7. Both figures preserthe EKF estimation
errors along the entire trajectoin blue the VDFLL and

in redthe KF with scalar trackingMoreover, the blue and
red dotted curves denote the @ovariance bounds, where

» IS the estimation error covariance estimated by the
Kalman Filter for the VDFLL and scalar tracking receivers,
respectively.

Along track position estimation error comparison
|

—VDFLL

Value in [m]

I
300
Time in [s]

a)

100 200 400 500 600
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Cross track position estimation error comparison
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Figure 6 i Position error comparison between the
scalar tracking receiver (in red) and the VDFLL
algorithm (in blue) for the: a) along track error [m];
b) cross track error [m] and c¢) Tatal number of LOS
satellites.

500 600

The position error plots in the vehicle frame (along and
cross track coordinates), illustratedRigure 6 a) and b),
demonstrate a clear stability d¢fie VDFLL-computed
navigation solution, expressed in terms of the low position
error variations along the trajectory. This reflects the
VDFLL capability of estimating the ionosphere residuals
and at the same time coping with the multipath conditions.
A significant position error of nearly 13 m is observed for
the scalar tracking receiver (in red) in the cross track
coordinate from the 78 to the 106" epoch which
coincides with strong satellite outage event as illustrated in
Figure6 c). Furthermorethe ST-EKF covariance bounds
are significantly increaseduring this perioddue to the
higher position estimationuncertainy since only four
Afgoodd measurements from
are used for the navigation solution computation the
contrary, the pposed VDFLL algorithm assures a
positioning stability and tighter confidence bounds related
to the interchannel aiding achieved by the VDFLL EKF
filter. Finally, it can be seen that the vector architecture
better assesses the confidence on the computed position.

t he

NT) 2017



5 Along track velocity estimation error comparison ~ —¥DFLL Table 2 7 Navigation error statistics for the scalar
tracking + KF position module @50 Hz and the
proposed VDFLL technique.

= Scalar + KF VDFLL
E El |RMS[] [wuHE] |RMS[] [wuH
3. Position errors [m]
Along | p® T8 PR | TR P8 op
track
Cross | ™@® & X& | ™ P& (]
780 100 200 360 200 stlm 800 track
Tmeints] Velocity errors [m/s]
a) Aong [xmt] M@ [m[*n | Mm@ | ™
Cross track velocity estimation error comparison traCk
8 I 7 Cross | x 1 1) T | X T ™® 8
6| - track

~
A

The navigation performance robustness of the proposed
VDFLL technique is dedicated to its capability of
estimation the ionosphere residual ergen for a NLOS
satellite channeland correctly following its evolution,
based on the EkEstimated NCO feedback loop, as
illustrated inFigure8.

Value in [m/s]
o N
I

)
I

A

&
e
i

0 100 200 Timiﬂi . 400 500 600 i lono residtllal estimatioq for PRN51
b) - bR
Figure 7 1 Velocity error comparison between the = 10
scalar tracking + KF positioning module @ 50 Hz (in = &
red), the VDFLL algorithm (in blue) for a car =2
trajectory under multipath and ionosphere presence = o
for the: a) along track error [m]; b) cross track error &
[m].
. . . . _100 100 200 300 400 500 600
A higher VDFLL performance is also noticed in the along Time in [s]
and cross track velocity estimates but at a lower order of a)
magnitude compared to the position domain, as illustrated
in Figure7. The VDFLL-estimated along and cross track 20 IRnEtreIcuN arrar far Pl
velocities are noisier compared to the ST+EKF e
estimations, which is related to the use of frequency 20 20000
discriminators whereas PLLs are employed by the scalar = I
receiver. ‘= 10 \L/-\'lvw
5 b R
For the twor ecei ver 0s configuratiwgO
following statistical parameters are computed: R
1 The mean of the estimation error, computed as a B
function of the time. 0 100 200 300 400 500 600
Time in [s]
1 The Root Mean Square of the estimation error, b)

referred to as the empirical RMS;
Figure 8 7 a) lonosphere residual error estimation

In the frameworkof this research, the focus is directed evolution (blue) w.r.t the true residual (black) b) its
toward the filteros accuracy edlifalion rforBAIEREcovArRarc€boind® foPthe: T N i
accuracy limit is supposed to represent the 95% confidence Galileo PRN 51 ionosphere residual error.

level that contains the estimation error of the considered

parameter along the car trajectoryThe detailed The performancanalysis in the signal levebrf the LOS
performance analysis concerning the navigation error satellite, namely Galile®RN 51, in terms of code delay
statistics arsummarized in and Doppler frequency estimation errors is illustrated in
Table2. Figure9.
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b)

Figure 97 a) Code delay estimation error (in m); b)
carrier frequency estimation error (in Hz) for the
scalar tracking (in red) and VDFLL algorithm (in
blue) of Galileo PRN 51in NLOS condition.

Basedon the multipath PDP profile of Galileo PRN51 in
Figure5 b), three major satellite blockages are observed in
the firstp T ir aftero 1 imand at around the ¥ i, with

the last event representing the shortest #®@SLOS

transition but characterized by the highest power decrease.

In the scalar tracking configuration, the NLOS satellite
tracking process is interrupted after the lock detectest
failure, which requires the start of the reacquisition
process, as the case foallleo PRN51 inFigure9 a).

A marked robustness of the vedzed architecture
concerning the codand carrietrackingprocessesan be
easily noticed. The likely reason for this behavior is linked
to the VDFLL capability of correctly estimating the
ionosphere residual error contribution as showFRigure

8 a). It must be pointed out, that the code/carrier tracking
estimation process in continuously carried on by the
VDFLL architecture even for the NLOS shites based on
the mutual channel aiding.

The code delay and Doppler frequency estimation statistics
in terms of their mean and RMS values for the scalar and
vectorized architectures are summarized Erreur !
Référence non valide pour un signet.

Table 3 i Galileo PRN 51 dannel error statistics
comparison

Scalar + KF VDFLL
E[] RMS[] | wu K E[] RMS[] | wu B
Code |uo| p& |o@| P & | 19
error
Od

Freq. | x 1 (€50 v | X Tt <P 8
error

30

The VDFLL superiority in the channel estimation is
verified from the statistics illustrated ifiable 3. Indeed,
the VDFLL code delay estimations are neastymes more
precise w.r.t the scalar tracking operation madethe
Galileo PRN51 characterized by frequent NLOS signal
reception This represents an evident confirmation of the
channel aiding characteristic of the VDFLL algorithm.

6 CONCLUSIONS AND FUTURE WORK

In this paper,a vector delay/frequendgpcked loop
(VDFLL) architecture for a dual constellation L1/E1l
GPS/Galileo receivein urban environmenis proposed.
The originality of this work resideis the implementation

of a dualconstellation VDFLL algorithm that is capable of
estimating the ionosphere residual error along with its
evolution in time.

After the mat hemat i cal
prediction and observation model, a detailed performance
comparison in the position and tracking domain between
the scalar tracking + KF positioning and VDFLL
configuration, both operating at the same 50 He,nabs
assessed under simulateidnosphere andmultipath
reception conditions using the DLR urban channel model.
The results for the dynamic scenario showed that contrary
to the conventional tracking, the L1/E1 VDFLL loop is
able to provide a stable positing solution even with a
reduced number of satellites in view and in harsh signal
fading conditions. Moreover, neither signals loss of lock
conditions, nor reacquisition process is performed by the
vectorized loop under high user dynamics or signal fadin
conditions. The reason for this behavior is linked to the
inter-channel aiding through the update process based on
the forward position/velocity projection in the vectorized
architecture.

Future work will proceed othreefronts. First, the detailed
performance analysis concerning the position and tracking
accuracy will be extended tthe cascaded vectorized
architecture including &1/E1 EKF estimation blockper
tracked channel. Secondlya vectorized PLL will be
investigated in order téully accomplsh the positioning
and tracking capability of vector tracking in signal
constrained environmeritast but not least, the ulttaght
coupling of the VDFLL architecture with a leeost
MEMS sensor will be implemented and tested in harsh
urban conditions.
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