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ABSTRACT

The general objective of thipaperis to investigate the
navigation performance one can expect from a-tost
architecture (singkdrequency receiver with loveost IMU)

Ec ol e ToNaxhieveo an @recése positioring, Acariien phase nGNES v

measurements should be used. The tracking errors associated
to these measurements are significantly lower than those of
code pseudeanges, but they suffer from two main drawbacks:
1 The presence of an unknown integer number of
carrier phase cycles calladhbiguityprevents carrier
phase measurements from acting as atslsgudeo
range measurements. The process to fix these
ambiguities to their correct values is very
sophisticated, and can be quite weak in adverse
reception conditions, e.g. an urban canyon.
The lack of robustness of these measurements
resulting in frequehmeasurement losses and cycle
slips (CS), especially in urban areas, which
complicates the process to resolve for the carrier
phase ambiguities.

As a consequence, until recently carrier phase measurements
were used by applications that were taking placstinin a

using carrier phase measurements in an urban canyon, wherebenign opesspace environment. For instance, the catrier

the frequency of occurrence of strong multipath environment,
masking, NonLine-of-Sight (NLOS) signal tracking,
interference, etc. é is

On the GNSS side, a multonstellatiorReal Time Kinematic

quite

phaseinvolved RTK methodology has been widely approved
to achieve precise positionifiQ].

hi gh and hard to mitigate.
However, recent developments have dadbsignificant
research efforts in this field for lowost platforms. Most

(RTK) methodology is developed to take good care of frequent notably,

measurement losses and éarphase cycle slips. Then to take
advantageof the complementary advantages ®@NSS and
INS, aclosedloop tightly coupbd GNSS/INSstructurewith a
low-cost Micro ElectreMechanical SystemgMEMS) is
applied to enhance the performance.

The proposed algorithm is finally tested based on data
collected on the Toulousemiurban areas well as Toulouse
city center.

1 INTRODUCTION

Until recently to satisfy a centimeteaccuracydemanding
application, one or multiple highrecisionGNSS receivers
are used, and a tactiear aviationgrade IMU can even be

1 Low-cost GNSS (and inertial) sensors and even cell
phone chips are now providing their raw
measurements, including carrier phase
measurements;

1 There is now access to mple GNSS constellations
that allows a better selection of good measurements,
even in degraded environments

Recent work has thus started investigating the use of carrier
phase measurements in urban andwblan areas.

Another common mean to improve positioning is the
integration of INS, as the benefits and drawbacks of INS and
GNSS are mostly complementary. Works with tactical or
navigationgrade inertial system haven proven the interests
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[21]. During the last decade, the advances in-tmst MEMS

have made the MEMS sensors more and more attractive for

various
[1,3,13]

appltations such as pedestrian or vehicle navigation

The general objective of this contributicrtliusto investigate
the navigation performance one can expect from adost

architecture (singkfrequency receiver with low cost IMU)
using carrier phase measurements in an urban canyon, where
the frequency of occurrence of stromgltipath environmety

masking, NLOS signal trackn g , [

adequatelyigher but not well known.

This paper follows up on previous work performed[6h
which assessed the possibility of achieving accurate
positioning based on RTK with a |leaost singlefrequency
multi-constellation receiver in urban and seurban areas.
Two main ideas were used:

1

The use of muliconstellation to allow for a very
tight measurement selection methodology in order to
limit to the maximum extent possible the number of
erroneous measuremenn the PVT computation
process without compromising too much the
geometry. To do so, GPS and GLONASS

nterference,

reliable information to the PVT Kalman Filter. For a
kinematic mode in urban areas, the involvenet
Doppler measurements which are vulnerable to
several error sources and strongly affected by the
rover dynamicswill weaken the C®DR process
Besidesijt is likely that someaxtra knowledge of the
systemcan be relied upofThe idea is thus to
0 Benefitfrom the accurge system updates
provided byINS navigationto detect and
correctCSs
e © c Separate nslCSsatellitesfrom others, and
make advantage of the whole geometry
repair CS.
Measurement selection based on @8SS/INSKF
innovations igerformed. Of particular interest is the
case of NLOS signals that can contaminate the PVT
without necessarily been affected by a low C/NO or
high multipath. It is also critical to evaluate if the use
of the INS forCSand position computation does not
provide a useless redundancy.

2 GNSSONLY SYSTEM

measurements were used and rejection of outliers and 2-1
re-weighting mechanisms (Danish method) of GNSS The realizatiorof GNSSPVT navigation is mainly based on
a KF which is the most popular choice for its optimality and
simplicity to implement. Compared to the Leaguares
method whictonly relies on theneasurementodel, the KF
also combines the formation about the systedynamics.

measurements were proposed.

A PVT computation basedn a KF taking inputs
from code, phaseand Dopplerobservablesas well

as from a carrier phase measuren@8&tmonitor in
order to better use the knowledge of measurements
without CSin the estimation process. This monitor
proved to be critical itthe navgation performance.
An Integer Ambiguity Bsolution (IAR) method
consisting of the integer estimation part based on the
Leastsquares AMBIguity Decorrelation Adjustment
(LAMBDA) method and the integer validation part
based onFix-Threshold Ratio TestHT-RT), was
applied.

The conclusion of[6] was that reliable lowcost precise
positioning (submeter) was possible with very decent
performance in semirban area, for example a beltway.
However, more work was needed for deep urban conditions.
Besides, thability of having a reliable ambiguity resolution
process was also questioned since it was one of the main (2):
drawback for appropriately quantifying the quality of the
resulting position.

The present article provides a seriesoflificationsto [6]:

f

The use of a lowcost IMU hybridized with GNSS, to
strengthen the positioning performance in favorable
GNSS environmentestrict the degradation during
partial or full GNSS outages;

A new Cycle Slip Detection and dpair (CSDR)
mechanism is proposed to provide better and more

To have an estimation of a set of parameters of interests

PVT-Estimation with KF

(herein, rover position, velocityclock delays, etc.), a
functional relationship between tls¢ateparameterand the
measurementsmust be established. The functional model is
typically givenin formEq(1):

where:
1
1
1
1

Typical system dynamics can be represented in following Eq.

where:
1
1
1
1

udb ( 6wd AO (1)
U O is the measurement vector at tife

( Ois the system geometry matrix at tie

@O is the system state vector at tide

A O is the measurement noise vector at titre zere

mean Gaussian noise with spectral den‘??itfz).

®wO0 &0WO ' OXx O 2

Ot he 6dotd represents t
& O'is the dynamic matrix at tim@

* Qs the process noise shaping matrix at tne

x Qs the process driving noise at tirGea zere
mean Gaussian noise with spectral density matrix
|- O, assume to be urcorrelated with measurement
noiseA O.
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In GNSS PVT case, the estimation process is usually
implemented in discrete time and the Extenr#@&din its
linearized form ishereapplied. Assuming the sampling time

asd —, the discrete linear systemis given as:
® 00 Q 3
@ @ 0 (4
where
1 &, are respectively the easurement vector and
the statevector at epocfwith correspondindime
0 O 0;
i is the state transition matrix from epoc p
to epochQ
f 0 is the process noise at epd@hwith covariance
matrix [rg

The detailed expressions of and |-gcan be obtained from
following relations:
"00 0

(5)
(6)

Q
00 o
00

‘0 "0
O 0

Lo~
ro

I

"0 o oj¢

For more informatiorabout the derivation proceseefer to
[5,13,21,23] Approximations made wing the propagation
interval 0 may not be rigorously correct, but reasonably
acceptable whea is considerably enough small.

2.2 RTK Measurements Model

Taking advantage of the temporal and spatial correlation
characteristics of most measurements errors (atmosphere
delay,ephemeris errors, etc.), differential measurements w.r.t
a referential IGN station are formed in order to eliminate the
measurement errors. Thigenerally gives RTK methoda
better performance than staatbne GNS$14].

Regarding differential sasurements, two basic forms should
be stated

1 SD: Singld differencing between receiversis
referred to the difference of measurements between
pair of receivers, i e.
reference stationbs rec
satellite.
DD: Doubledifferencing is the difference between
two SD measurements collected from two different
satellites, but with the same pair of reees.

Various combinationof differential measurements asF
inputs can be used with origin@NSScode and carrier phase
measurements. Herein, to conserve the integer nature of
ambiguities and control the measurement noisellat the
input, followingcombinations are implemented:

1 GPS code measurements are shuliffierenced;

1 GPS carrier phase measurements are docuble

differenced;

1 GLONASS code and carrier phase measurements are
single-differenced,;
f Orignal GPS and GLONASS  Doppler

measurementrecolleded by the rover receiver.

For the reason that not all reference statidistribute raw
Doppler measurements, only Doppler measurements collected
by the rover is put into use.

Finally the measurement vectais:

Y0 . : r
I 3V I}
" I 33 j I}
(i)
: : O‘JB . ]
1o ! Iy
] u ©O Uy
Y YQo -y 0
| d}/(gc‘) ® V'Qc’o B Vo
11 n X' N Yo -n I
oy Qo _siy - I 7)
11 o I
] ! (:Q 0 f 1
u ” m c‘) T U
where
T & i s t hedifféarenaedo a coanmanesatellite

between the rover and the reference;

1 YQads the difference of clock delaypetween the
rover and the reference, whil@ o is the clockdrift
of the roverside

@ is the GLONASSInter-receivershardwarecode
bias(see following section for details)

T & { isthe GLONASS codénter-channelbias
slope (see following section for detaits)

Qv xhp is the GLONASS frequency number,

7 _30y _30 Qo 4 is the equivalent

ambiguity term consisting of the true integer
GLONASS SD ambiguityg0 andphase ICBslope
w

h

To[ rﬁﬂgct a]n%t{f: eﬁt go§‘n thﬁ gcgu&a?y\piéfqrencgsnagonq h
code measurements, carrier phase measurements and Doppler
%éa%luﬁer[nefnts, gifér%éll{lo r&ated‘\"}veigh(fi nog IQIE‘fo?iths
based onpractical data have been proposed in.[6}n
illustration of the relation between SD code residual level and
signal strength in a static mode is providedFigure 1.
However, tests on our data have indicated the weighting
scheme being too conservative on weighting fatgvation
pseuderanges and Doppler measuremeantd the reliance on
high-elevation satellitesover lowelevation ones is not
adequate Therefore in this paperan elevatiordependent

is a constant

factor is applied where"Y
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elevation valueand ‘Q & ‘(s0the current elevation of the
satellite in view of the rover.

20 GPS SD Code Resi VS C/NO (Open Sky Dynamic Mode)
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Figure 1. The Relation between GPS SD Code Residuals Level
and C/NO in a Static Environment

2.3 System States

1) Dynamic Model
Basic states are the rover position, the velocity and the
accelerationThe ConstanrfAcceleration Mode[5] is applied
in this study to describe the relattoamong their process
noises. For the acceleration proceagjoise level ofariance,
e.g.[0.7, 0.7, 0.2]((m/s?)?)alongENU-directions is assumed

[6].

When considering amulti-GNSS systemand carrier phase
measurement processjrig addition to typtal PVT states, the
GLONASS InterChannel Biases (ICBgkelated parameters
ard carrierphase ambiguitieseed to be considered in the
state vector.

2) Ambiguities
Even though the integer naturd ambiguities should be
benefited to shrink the navigation accuracy to cm level, the
mentioned IAR method (LAMBDA+FIRT) may provide
wrongfixings without alerts when the information provided
by the KF on ambiguity estimates are not perfectly
correspondingto the reality. Besides, tests ian open
environmenthave even shown the occurrences of solution
deteriorations due to wrorm@rrierphase ambiguity fixing

As the IARis a very complex process already and that it can
be the source of very compromisiwgong fixing, it has been
decided in a first step to only deal with float ambigngtin the
PVT process. A new fixing process will be investigated and
tested in later publications.

3) GLONASS ICBs
Literatures on GLONASS have shown tlate to its use of
Frequency Division Multiple AccestCBs need to be taken
into account on both pseudange and carrier phase
observable$12,17]. Practical studies have shown that:
1. no obvious pattern giseuderangelCBs magnitude
as a function of thédrequency number is observed,
howeverthere is onen carrier phase ICBs;

2. the biases are quite independent from receivers pair
to pair;

3. thepseuderange and phase ICBs are all quite stable
in time (@t least ora monthly scale), which leaves a
possibility of precalibration.

However, all previous studies are using hiplality receivers
[15,26]. Among them, some are directlggded on IGN stations
[2,7,8,25]

Code measurements ICBs
Two static data of ]lays duration have been collecteing a
low-cost Ublox M8T receivefor the calibration ofdf, using
thefollowing GLONASS measurementodel

30 Y ¥Qo ©f -y (8)
Stability over days is observethe calibratiomesultof code
ICBs is presented iRigure2. As expected, there iso clear
relation betweefrequency numbarand bias magnitudes. The
peakto-peakbias can reaclip to 9 meters. Based onthe
currentliterature, even though theroposed algorithm uses
pre-calibration, a twestate mode{modeling he residual ICBs
as a linear function of the GLONASS frequency index) has
been implementedsalready preseatin Eq. (7).

Carrier phase measurements ICBs
With the phase ICBsw in presence, the pre

calibration ofcarrier phasdiases is necessary to benefit from
the integer nature of SD ambiguitiddeverthelessthis bias
will be absorbed when GLONASS ambiguities are kept float
and thus no need to be pralibrated.

Calibration of GLO ICB
-]

=

i

s}

s *

Eas *

-8
8 -5 -a E-] o 2 4 6

Figure 2. Estimated GLONASS Pseuderange ICBs Depending
on Frequency Numbers for a Baseline between TLSE Reference
Station (Trimble Receiver) and the Ublox M8T Receiver

3 INS-ONLY SYSTEM

As mentioned earlier, the proposed architectootudes the
use of a lowcost IMU. This section introduces the background
on the sensor used.

In this article, all navigational parameters are resolved with
respect to the loc&tastNorth-Up localframe(n-frame.
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3.1 Modeling of IMU Observables

The IMU observablesare typically corrupted by errors like
biases, scale factor and misalignment errors. At the outputs of
IMU sensors, collected raw measuremeotn thus be
modelled as follow:

B - Ry o ©
where

i I+1+a”d wﬁ%are respectivelythe raw measured
specific forceand angulavelocityexpressed in body
frame(b-frame)

1 4+ and{jj arerespectivelytheaccelerometer and the
gyroscopescale factors;

T -H-+ and-Hl arerespectivelytheaccelerometer and the
gyroscopebiases;

f o4ando) are the zeramean white Gaussiathe
accelerometer and the gyroscasnsor noises

1 Listheo oidentity matrix

Biases in gyroscope and accelerometer are typically composed
of two parts: static (known as turfon hias, constant
throughout an IMU operating period, but yarg from run to

run) anddynamic (in run bias/bias instabilityvarying over
periods of order onminute)[14]:

Pt

v

(10

Generally, the static parts are modelled as random constant

processes (or calibrated) and the dynamic parts are represented

with a firstorderGaussMarkov (GM) process:
= At A by
(11
i et &ty
with
1 At arethe correlation times,
T 4 ﬁ“arethe GM process driving noise.

To get thosekey parametersf the processes, IMldataneed

be exploited. Different methadhave been proposed, PSD
method, Wavelet deoising [10,22], autoregressive model
[18], Allan Variance(AV) method, etc. Th&V method is the
most popular for its practical simplicity and strict systematic
theorieq9,10,27]

Hours of static IMU measurements have beeltected with
the XSENS MTj the IMUequipmentused in this studyT he
AV plots of the XSENS MTi gyroscope noises and
accelerometer noises are given respectivelfigure 3 and
Figure4.

Two typical noises have appearauthe plots
1. Random walk driving noisehite noise, appears on
the Allan Deviation logog plot, associated to the
section with a slope 60.5. By fitting a straight line
through the slope, the corresponding value at the

cluster time t=1s is denoted as N (sometimes
represented by VRW a7i7MOa for the
accelerometer or ARW i HR¥VOA for the
gyroscope);

Bias instability lenoted a8) appears othe plot as

a flat region around the minimum. The numerical
minimum value is 0.664B on the curve. The
correlation times is the cluster time corresponding to
the minimum of plots. Sefable 1 for detailed
parameter readings.

Allan variance Analysis

107!

Gyro X
Gyro Y
Gyro Z

N
T

o
&

=G
S

Allan Standard Deviation (rad/s)

qu‘mﬁﬁ

107

.
107" 10’ 102 10°
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Figure 3. Allan Variance of GyroscopeNoise
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Figure 4. Allan Variance of Acceleraneter Noise

100

Table 1. Process Noise8nalysis with Allan Variance Method
MTi Accelerometer Gyroscope
X y z X Y Z
Tc(s) | 300 300 300 300 300 300
0.664 | 3e4 2e4 2e4 1.5e4 | 1.5e4 | 2e4
B
B 45181 | 3.012 | 3.012 | 2.259 | 2.259 | 3.012
e-4 e4 e4 e4 e4 e-4
N 8e4 7.8e4 | 1e3 9.5e4 | 9e4 le3
3.2 Equations of Motions and INS Mechanization

By having the position, the velocity and the direction cosine
matrix of vehicle attitudes to describe the motion, the
equations of motioswndern-frame are

> + . | » oD, +
o ¢ il ¢ ' w9t I (12)
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Please refer to Annex for detailed terms expressions. . p
KR vl SR
The INS mechanization equations are a set of equations used

to obtain useful navigatiogolution from IMU measurements. ry -H| Wp’l -H| Ly
Basic steps are in order. 1. Correction of raw IMU . (15)
measurementwith information on previous biases and scale l)ﬁ _”=|= —p°| _||+ byt
factors estimates2. Attitudes computationfrom quaternion
update for its simplicity and clarity in computational l% P
manipulation 3. Update of velocityoy adding the velocity ir '”I W] ‘”I Lty
incrementyo; 0 ; 4. Update of positiorYois used
to showthe |N£ update temporal interyale. 0.01s Detailed Please refer to Annex for detailed terms expressions.
descriptions of this typicabrocessare referred tq19]. No
more descriptions are dressed here.
3) Process noise of GM
3.3 INS Error States Model As mentioned earlier, biases of gyroscope and accelerometer
1) Notations of error states are modeled as GM processes. The PSDs corresponding to the
Error states are defined didferences between states #sates processdriving noisety 4ty jare already gathered irable
(ter ms w iard htheiré ttuea vafugs witHollowing 1, denoted by term B.
notations: The covarance value in discrete time of a GM procelsiing
o 1 > + >.. + >._++ noise is then )
S RS Sch S 1 2 2y (16)
CR R 1R F F o
v 77 :||1|‘+ :IHF= :IHﬁ= (13 The scale factors are alsormallymodeled as GM processes
S + I+ with intuitively amuchlower processiriving noise leveli.e.
Uy 1 ‘HI ‘HI ‘HI le-14and a longer correlatidimes i.e. 3hrs. Static dataover
ir 1 -||| -||| -||| a duration of severallayswould be needed to study scale

factors througthe AV method.
m ] ¢ 1%

with 7 1F° 1. L 17— , the slew- 4) Process noise glosition,velocityand attitudes
1% | — il tpht4 are white noises related to IMU measurements. The
symmetric matrix of attitudes errorsn orderq r covariance value in discrete time is thus, witlobtained from
1 — A % hie . AV study
v 0 .
. ; 1
2) Error States Dynamics 1 o Yo 70 (47
The compact representation of INS error states dynamics is
obtained by doing the perbation analysis dEq.(12) According to E¢(14), the procesnoises related to the velocity
1%y errors and attitudes errors are holding disctiete covariance
1ol values in formula: )
"‘|. ~ ar YO 3 s
. U 0O — U o] 18
Ior Iro T 7. ‘H’ o} F q '.I_ 7y F ( )
Jow» Joo Jo ]o:.H. - Y Yo . <. (19)
=|.>=|.o=|.:“ O, F ¢+ 0 Yo F
mom non offn (19
F T FO m DURLRY The discretdime covariance of position process noises is
T F T F i H1 derived from the positicmelocity process relation, taking 1
o afpu D for instancg5]:
P Y P~ o
F +_+ B — -0 o (0}
F ) 0 o w R Py (20)
Po .y 0.
C *y o 4
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4 GNSS/INS TIGHT INTEG RATION

In this scheme, thclosedoop tightly coupling TC) is chosen
over the loose coupling for two main reasons:
1 to bound the degradation of the layality MEMS;
I to maintain the performance during partial or full
GNSS outages kich can bequite often in urban
canyons.

4.1  State Dynamics
Compared to the GNS&nly navigationthe IMU sensor error

# %4 # 9 F} %#
TR A
G
QQGIQ 1 )
4.3 GNSS Measurement Selection

Different from loosely coupling, where differences between
INS-derived states and GNSferived states are used as input,
TC is using measurements differences between INS and

states need also be considered. The full error state vector iSGNSS as input for TC KF. Thus, it is essential to ensure the

denoted as

el en gy fynerii=ch s e

1) Process noise of cloalelated states
The receiver clock model applied here is referrefild, a
two-parameter model of otk delay and clock drift. The
covariance matrix of process noise is
6 CQO =06 o *0oa ll
| ﬁ o » qJ ]
11 v « " Yu vy AN
U Q o TQ p Q OU
with "QRQ KWQ parameters related to the receiver clock
quality performance.

0

Q da

In the following table are the typical values for various types
of receiver clocK5]. A TCXO-type oscillatoris incorporated

in the Ublox receiver, while anore stableOCXO-type
oscillator is used by the TLSEimble NetR9 receiver

Table 2. Parameters for Clock Modeling
Types TCXO* | OCXO*
Parameters

Q 2e-19 2e-25
0 7e21 7e-25
Q 2e-20 6e-25

*TCXO: temperature compensated crystal oscillator
*OCXO: ovenized crystal oscillator, temperature controlled

4.2  Lever-arm Effect on Error States Dynamics

While considering the integration between INS and GNSS, the
leverarm effecbetween the 8ystemshould always btaken
into account

Assuning & the leverarm vector resolved in -fsrame,
representing the vector from the IN8nter |=4+to the GNSS
antenngphasecenter }=||, the position and velocity relations
between those two origins are:

A (21
Ok O FY-4
where ¥, ok, | for detailed formula seannex
With perturbation analysis, we have
Ak Fk e T (22)

GNSSmeasurements glity. To remove measurements that
are most likely severely degraded by multipath or NLOS
effects, an griori elevation mask and C/NO mask are applied
for all measurements. The choice of the masks values is a
compromise between a strong geometry and highlity
measurements. Different values have been testedaand
interesting compromise seems to beetavation mask set to

be 10° anch C/NO mask is set to be 35dB.Hz.

Besidesthis a priori GNSS measurement selectianother
measurement selection scheme is applied based on the KF
innovations. In  constrained  environment, GNSS
measurements are more vulnerablentmGaussianerror
sources (e.g., NLOS, multipatH16]. The detection of
blunders is necessary to ensure a reliable PVT sol[Rin
Compared to the GNS&nly system, the state propagation
noise is smaller irthe GNSS/INS integrationcase thus
providing a moreefficient detectionand identificationof
outliers.The proposed Innovatiefest is detailed in following
three steps: detection, identification and adaptation.

1) Detection
With state estimates fromthe previous epoch, the
measurement innovatierprovides an indication of whether
the current epoch measurements and state estimates are
consistent via a global teldt4]. The nul hypothesis ighat no
measurement blunder exists. The global test will check the
overall validity of the null hypothesis.

For current epocfQ p, the KF innovation vecto® § s
is defined as
@ @ @ w 0 ®
and its vematrix is
0 © v (O Y 8
@ ¢ is the state propagatioesults after going through the
INS mechanization equations.

Under the null hypothesis, these innovation components
should follow zeremean Gaussiadistributions and the test
statistic Sutmationof the Squared Errors (SSE) is following
a chisquare distribution with) degrees of freedom

YYO® 2z 0 zZQ
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The comparison of the test statist¢"Y'@ith a critical Since it can be anticipated tHag donot generally occur on
threshold " Ywill tell whether the null hypothesis is confirmed.  all satellites at a given epoch, it is important to be @ble
The threshold value depends on a-gedined significance separate the phase measurements with CS from the phase

level (i.e., the probability of false alarm) 8 measurements without CS0 do s a separation based an
phase prediction test and Cétuare test (referrddterto Step
2) Identification 1 and Step 2) betweerighly potentially and hardly GS
When the null hypothesis is rejectedtie global testlocal contaminated sallites will strengthen the syste[2v].
tests are performed fdentify the outliers. The local test is
performed on each innovatid® phctB i) , with the test The proposed GBR scheme is based on the following system:
statistic defined as . - 0 Q 23 Q p & 11 Qo-
N I - 1. ) 0 Qp 171 QosYE -
withd . is the decision threshold, (e.g, 0.03)the where
probability of false alarmThis local test can be regarded as T 10 IS the pseu@oanggyanaﬂonbeMe_zen two
the testing of the singlblunder hypothesig21]. consecutive epochssand E p , determined by
the product of the average Doppler observable and
3) Adaptation the time intervab N
Each time the global test fajlthe local test is performed on 71 & is thedifferencebetween two consecutive
each innovation component carrierphase observables;
1  When multiple outliers arédentified by the local 1 1 Qié the difference Waveenrover clock delays of
tests only the one with the maximupg sis two successive epochs, the unit is in meter;
rejectedto avoid thecase where a blunder is large 1 6°Y ®®ois Me integer CS.

enough to causmultiple local failures
1 When thereis no outlier identified still the
innovation with the maximur@‘ i sis rejected

Considering a high rate systeno (is less than 1s), the
difference between measuremént® andj will be the
CSiifitoccurs.

The global test islwaysre-run untilit succeeds to ensure the

integrity among innovations. The geometry matrix comes from the linearization of

measurements systenwith 0 0 Y ¢ the position of

. v, [T A .
Besidethe pseuderangeand Doppler observablesarrier satellite’at epoctt ,0 0™ t he rovero6s posi
phasesre @iken into account in the measurement seledtion  © + 1 & 'the betweerepochs variationof the r ov er 0 s
detectbig CS on the refereneside positionand’Q ¢ the unit vector directing from the rover to

the satellite at epogh

4.4  CS Detection and Repair Tt e T'Q Q UTGU"Y Q vo'R ~
The proposed KF scheme assumes that the carrier phase . L. QR pB8iuYRp VL P
measurements have a constant carrier phase ambiguity.! =~ @ @ P8VU Y Q p VU0 p

However, it is well known that thidoes not necessarily hold Q08diYQ 06" p Q08 @O
for very long especially in an urban environmembere )

frequent CS occur. However, assuming that a CS occurs at 1 herefore, with measurements corrected by " -
each epoch is detrimental to the PVT algorithm accuracy Q@ Q00 Q 006™ p QQ p8OOTY Q

performance since it implies a constardegimation of the p 0070 p ,the matrix representatidrecomes
float ambiguity states without benefiting from their potential . 10 ¢ 1 ®OQ
continuity. Itis however the least risky. ®wQ : ™1 Qo -
FI v e
oY
As a consequence ritight beimportant tocloselymonitor the ety 1.0 ... 0

occurrace of data outage or G®ntinuously to follow the P
ek

continuousphase ambiguitynodel with confidenceThe aim H=1_ctk) 1 an ... 0

of aCSDR schemas thus todetect the occurrence of CS and : P

to enable the continuous use obnstant carrier phase —em(k) 10 ... Am

ambiguitywhen no CS is detectddither to be able to fix it,

or to be able to use itaccuratelyestimatedfixed value). To take advantage of theformation onstates estimates
Beside the proposed €3R scheme, loss of lock indicators Ao ) -

(LLI) provided by receivers are also taken into account. 06 supplementary constraints basedpmsitionand

clock shiftestimatesarealwaysconsidered
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The subscandptt hiebah@iathe trmsare
updated stateestimatescoming out of the INS navigation
processbased on previousC hybridization.

The wholeCS-DR process followg stepsn order

Step 1 Raw CS detection test

The] 0 can also be considered as the prediction of

when no CS occurs. A phase prediction test as follows will

detect large CS occurrences:
0do 1 10

47 K

This time, these two groups agathered Instead of the
state vecto"Y only for groupF, a state vectancluding

all CSneeds to be resolved. The new measurement model
including the CS state is:

10 1w
& ‘@B Qo - g
1 8Y

In cases a and bhe estimates ahe CSare calculated via a
WLS filter, noted as
S Y
5 Y |6A"‘Y.
1Hén
W W

The capacity of the test depends onthe measurement accuracy

A and the threshold defined by a tolerable false alarmrate
1.

Step 2CSfree measurements confirmatitast

Following the Step 1, a separation of satellites into twe sub
groupskF andSi s done.
the testO andreversely

If Group S is populated bydss than 5 measuremenisjs

Step 4 Information passed to theC KF
There are thug possible results of GBR;
1 NoCS for Grougs, andonly afloat estimation of the
CS for Groug-;

1 Only a foatestimation of theCS for all satellites.

FOr hei d refidisieg s Of Allcdses, the carrier phase measurements used in the TC KF
t heSol etst dror 6 s uc Cqecrrected accordingly.

Fortheambiguily statesof the satelliteswithout CS or a fixed

augmented by the measurements that led to the 5 Sma”estinteger CSa Verysma” process noise (eg_e.8 [Cyc|eq) is

value of 10

A Chi-square test is conducted on Gr@&iw confirm that the
measurements of group S are-fi&. This Chisquare testis
based on the assumption that has no CS. As a

consequence, the following system using only measurements

of GroupSis solved based on weighted LS

- ] OQ S
W 8 . -hQ

1 0o 1
The sum othe squaregphasemeasurementesiduals should
follow a Chisquare distribution. Thus a comparison of the test
statistics to a threshold defined by the significance level will
conclude whether the nuS is true or not.

If the test is passed, all members of Grddipre assumed GS
free.

Step 3. Converging with Group

Following the test result in step 2, two cases can occur:

a. Satellites in Groufs are CSfree.
In this casé, in{ Will serve as precise measurements
to strengthen the model. Only satellites in Grdugre
assumed to be G&ntaminatedThus, the measurement
model is

T 1 &0
A 1 0 ke B 1 Qo -
1 fin 67y

b. Satellites in GroupS and F are all potentially CS
contaminated.

applied. On the other hanthe covarianceof ambiguity states
associated to only an estimated flG& ardargelyinflatedto

represent the uncertainty of thS estimation (a typicalalue
of e.g. 3¢ [cycle?]is used)

4.5 Constraints

Various constraints can be appliedTC KF to strengthen the
performance. Among those, ZUPT, NHC and ZARU are used
herein.

1) Zero Velocity Update
Zero velocity update (ZUPT or ZVU) is interesting to limit the
drift of the solution when the immobility of the vehicle is
detected. An immobilityest thusneed to be conducted.

a) Detection of immobility

In [4], the vehicle is assumed to be stationary when the
velocity is under a certain threshold. The threshold value
need to be determined with the velocity information during a
calibration campaign, where the vehicle is known to be
stationary. According tf1,14], when all velocities are under
0.5m/s (a threshold tested in various environments), the
standard deviation of IMU accelerometeeasurements can
be used to confirm the motionless of the vehicle. The
perturbation level of accelerometer measurements in
stationary mode differs from the kinematic mode. Therefore,
the performance (standard deviation) of accelerometer
measurements inatonary mode, need be analyzed a
prior phasen this article, the immobility detection scheme
with a confirmation scheme based on inertial raw
measurements is appliethe immobility is assumed present
during”Y  onlyin case that altelocities during the interval

International Technical Symposium on Navigation and Timing (ITSNT) 2017

14-17 Nov 2017
ENAC, Toulouse, France



"Y arelessthan0.5 m/s, and the StdDev of measured forces5 TESTS AND RESULTS
is less thamw, f .
5.1 Test Set Up

b) Measurement model The data used for this studyas colected in Touloussemi
When an immobility is confirmedthe ZUPT constraint is urban aregData 1)anddowntown(Data 2)by a Ublox M8T
modeled as receiver at 1 Havith a patch antenmand the Xsens Mti IMU

VIR 1§ [28] at 100 HZ.The reference trajecti@s were provided by
U O T 6 10 5 Ik (23 the NovAtel SPAN equipmenivhich tightly integrated the
. L1/L2 GNSS measurements witactical gradelMU, on

multi-baselingpostprocessindR TK mode

The corresponvdlng df’s'gn matrixis _ The Data 1 was collected when the vehicle was driven from
0 nmhé h 6 0 bt (29 ENAC to the city center along the Canal de Mitle whole
trajectoryin Google Earthis represented ifrigure 5. The
The measurement uncertainty put on forwdigction speed refererce trajectory was provided with cihevel accuracy as

is simply 0.5m/s. indicated inFigure6. The maximum standard deviation values,
up to 10 cm, occur around 500 epochs, which correspond also
2)  Non-Holonomic Constraint to the zone having minimum visible satellitesigure7 .The
The NonHolonomic constraint (NHC) describes the fact that €nvironment is quitdavorablewith at least 10 satellites in
generally the lateral and verticaklocities are negligible view for most of time

compared to the straightforwaneklocity. This hypothesis
does not hold if the vehicle is sliding laterally or jumping.
This constraint is always active in this study.
The NHC is modeled as

0 T

The Data 2 was collected around ttigy center. The whole
trajectory in Google Earth is represented-igure8. A dm-
level trajectory accuracy wasbtained as showim Figure9.
The rumber of visible satellitess indicated inFigure 10. A

V)] : clear uncertainty incease on the position solution was
L T (29 observed during the section where the number of satellites was
less than 6.
Comparedto the ZUPT, the design matri®  omits the
second line of the matri®o As our goal is to provide reliable solutions for ground vehicles,
ko) Ke) pho FD (26) only the horizontal performance is exploited in following

The measurement noise covariance is adjusted empirically to Section.
account for the velocity uncertainty into thehicle motion.

The StdDevof the measurements noise is set empirically to be
[0.04,0.081 'Y 'QQQ

3) Zero Angular Rate Update
The Zero Angular Rte Update (ZARU) constraint assumes
that the angular rate should also be null when the vehicle is
confirmedin stationary mode, the same detection condition as
ZUPT.
The constraint measurements are given by

Figure 5. Trajectory in Google Earth and a Typical Picture of
Street View by the Google StreeYiew (Data 1).

=
o

O 5 T . I
N 65 M sty gl . —
) h _H_ (27) 2, :;;‘: ,", A
05 i =1 |
e j
The geometry matrix is: : | o ﬁm\ y
0 1 Fre fe Fre O (28) ] e g
e 475500 475600 475700 n?.’;:x:r"“ "‘mmrm:::m 476100 476200 476300 476400
The measurement noise covariance level depends on the
sensor vibration and other disturbances. Besidggher Figure 6. Position Estimated Standard Deviation in the ENU
weightis put on the measurement around the yaw asihe Directions of the Reference Trajectory (Datal)

yaw axis 0 j is less affected by disturbances than the other
two directiong14].
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Figure 7. Number of Visible Satellites along the Trajectory
(Data 1)

Figure 8. Trajectory in Google Earth and a Typical Picture of
Street View by the GoogleStreet View(Data 2).

Figure 9. Position Estimated Standard Deviation in the ENU
Directions of the Reference Trajectory (Data 2)

Figure 10. Number of Visible Satellites along the Trajectory
(Data 2)

5.2 Test Results

Three navigation ndes are presented in this section for both
data campaigns. THE' mo d e i s dleanRTKOmatle, a s
where observablasf both GPS and GLONASS constellations
areall employed while in the2" modedGNSS+INS (Code

+ Do p i3NES5rig) tightly coupledvith INS, and carrier
phase measurements are excludett e wor d
that the ambiguities are kept floaf.he term’Y mentioned
in section2.2 is set to be 25T.he probabilities of false alarm
for outliers detection and identificaticare respectively0.2
and 0.03The3®mo d e 6 F k b AliStakdthe TC into
account during CPR.

First of all, the performance analysistartswith Data 1 The
HDOP information ofData 1 is presented Figure 2Figure
11. A good geometry environment in general is remariked
Data 1. The mean HDOP value is around @& minimum
and maximum values are separately 0.66 and 1Té&.
Innovation test hadetecteadcode and Dopplesutliersin 1.7%
of total epochs, mostlgreDoppler observables.

Figure 11. HDOP Values of Data 1 (with minimum, maximum,
and mean HDOP value}y

The key performance parameters in position domain of Data 1
and Data 2 are all listed iffable 3. To provide a complete
vision in horizontal position domain, 68 percentile, 95
percentile and 99 percentile of positioning errorspeozided.

In Figure 13 are illustratedtemporalpositioning errorawith

Data 1.Big positioning biases, comparable to the rest epochs,
are noticed from 500 to 600 epochs. This fact is consistent
with the HDOP infomation. When the number of visible
satellites decreases, the position errorBigure 13 increase
correspondingly, which indicates the capability decrease of
outliersexclusion and the influence of geometry in PVT
solution.

A compromise between high CS detection rate and availability
of the CSfree satellite should be made when carrier phases are
considered. A false alarm rate of 0.003 is chosen for step 1 in
CSDR ard a much higher one of 20% is used in step 2 of
section 4.4 to give minimum margin for CSs. Besides, an
absolute value of 1 cycle is added to strengthen the detection
of CSs.

CSs are detected over 856 epochith the number oCS
contaminated satelliteamgingfrom 1 to 16, the total number

of visible satellitesin related epochActually, according to

LLI information, the number of epochs with @8ntaminated
sgiellites arrives alreadseaches up to 838A severe CS
condition is dealt with in Data However, the number of
epochs where there are more than 5f@8 satellites is also
high, 539 epochd.he original intention tgrofit from CSfree

6 f | o dstfeasihlenThe expligit L£Sfree rats associated to each

satellitearelisted inTable4, in which the first line contains
the mean el evation in (A) for
indicates the Gfreeratein¥mo d e , and accor oo
36 i $modedsatelli®es witHowerelevation tendo suffer

more fromCSs.
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