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ABSTRACT

Since the rise of technologies using GNSS positigni
systems, development of carrier phase trackingivece
for precise point positioning in hostile environnters
becoming one of the most important challenges dturé
satellite navigation applications. Because phaskeld
loops (PLL) that track carrier phase suffer fronctley
slips phenomenon, noise robustness of the fornmesgsd
be reinforced if one wants to use precise positigni
techniques in the widest range of challenging
environments.

The purpose of this article is to propose a new Bésign
using a phase unwrapping algorithm that effectively
corrects cycle slips due to phase noise in low Qlilike
phase unwrapping algorithms using a threshold ambro
for cycle slips detection, the algorithm implemehte
our PLL structure is based on a system of predicind
pre-compensation of the phase dynamic stress.der ao
reduce the cycle slips and enforce noise robustoéss
phase tracking, this algorithm is adapted to traghkoops
with the aim to propose two innovative PLL struesirA
comparative study is performed to show the effectess

of the two proposed structures in case of noisy
environment.



INTRODUCTION

Over the last years, precise point positioning (PPP
techniques have considerably progressed in terms of
precision. Current PPP methods use accurate odaztal
accurate satellite clock data and carrier phase
observations collected by GNSS receiver to estimaé
pseudo-ranges [1,2]. Phase tracking is realizecphise
locked loops (PLL) which have to provide accurate
estimation of carrier phase. Although user positigris
more precise with carrier phase data than with qidese
data [3], phase estimation suffers from a lack of
robustness in case of low carrier-to-noise-densityp
(CNO0), thereof preventing using such techniquesain
large number of hostile environments such as urban
canyons. It also prevents this new appealing teglni
from being used in one of the main GNSS outlet,ntlass
market.

Besides, the new generation satellites navigatystems
offer now pilot tone signals allowing envisagingwne
tracking techniques to reach higher performances, i
particular for urban users. But even with this regnals
the critical aspect remains the carrier phase ingclkoop
when it question of high accuracy in bad reception
conditions.

One of the most important problems with noisy earri
phase tracking is cycle slips. Cycle slips aretimitive
characteristic of PLLs which directly results frotne
periodic nature of phase discriminators used iokiray
loops [4]. These biases (the cycle slips), that appear
during the phase estimation and make the trackdilg f
can be caused by either a high dynamic stress aad/o
high noise level, including the consequences ohalig
fading due to multipath.

Several techniques aimed at detecting and corgectin
cycle slips have already been developed and addpted
PLL [5,6]. Basically, they rely on a threshold apach
that try to correct cycle slips by comparing the
discriminator output with the previous output to
determine, by thresholding, if a cycle slip hasuroed or
not. However, due to the nonlinear nature introduloy
thresholding, these structures are not robust tsenand
do not provide an adequate phase tracking for geeci
positioning in low CNO environments. It is possibdeadd

a filtering step for this unwrapping structure (ithe filter
involved is the inverse system of the unwrappimgcstire
under linear approximation) that improves the noise
robustness [6], but this step is not efficient egtoun
challenging environments.

What is proposed in this paper is two new PLL dtres
including a phase unwrapping system that offer¢ebet
robustness to noise. More precisely, the phase
unwrapping algorithm used for our PLL structures is
based on a phase polynomial prediction and pre-
compensation to anticipate cycle slips [7]. Thestfir
proposed PLL structure consists in analyzing phase
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discriminator outputs, thanks to the weighted rsivar
least squares algorithm (WRLS) [8], with the aim to
predict the next phase error estimation output pred
compensate it into the local replica in order tduee the
phase dynamic stress.

The second proposed PLL structure takes advanthge o
the low-pass nature of loop filter [9-11]. Indeddl,this
PLL structure, the system of pre-compensation is
unchanged but prediction is now performed by anatyz
loop filters outputs. However, since filter outputs
represent information about the instantaneous erarri
frequency, an additional step is necessary to abnve
frequency prediction into discriminator output potidn.

A conversion step is thus proposed to estimatenthe
discriminator output thanks to the loop filter aysas.

This article is divided in four parts. The first rpa
introduces the general PLL structure and notatasnaell

as the incoming signal model used in this papere Th
second and third parts respectively deal with tret &nd
the second proposed PLL structures and detail whe t
proposed algorithms. The last part is a comparaiuvdy
which highlights the efficiency of the two proposed
structures in term of noise robustness.

SIGNAL  MODEL
STRUCTURE

AND GENERAL PLL

Before studying the proposed PLL structures, let us
introduce some notations and definitions.

Signal model

The incoming signak[n] is supposed to be a complex
exponential signal. As code delay and data nawdgati
synchronization are supposed to be established, the
generation of the signal does not include neithetdG
codes nor navigation data bits. The latter assumnpt

also supported by the future possibility to work deta
pilot signal (GALILEO) [12]. We can therefore modak
incoming signal as

dn] =P exp2i r¢fn]) + 4n] 1)

with P the received signal poweg/n/ the carrier phase
to be tracked and[n] the white Gaussian thermal noise

Hn] 0N (©,0?). )
The thermal noise powef is given by

JZ:ConFe o

with CNO the carrier-to-noise-density-ratio arkg, the
incoming signal sample rate.



General PLL structure

Basic PLL structure and notations are given in Hig.
According to this figure, we defing[n] as the incoming
signal, d4n] the estimated phase error (phase
discriminator output) that is estimated from the
correlation outputf(é4n]), 4n] the loop filter output
4n] the estimated Doppler phase of the incoming signal
ands[n] the local replica.

f(86[n])

s[n] 86[n]
Correlation Discriminator Loop
filter
s.[n] O[n
—‘ Replica generator

6[n]

%]{ NCO

Fig. 1: Structure and notations of a standard PLL.

We suppose, in the following, to work either onfanPAN

or an ATAN2 phase discriminator [14] and a secort&p
PLL. Loop filter integrators and the NCO (Numerlgal
Controlled Oscillator) are modeled according to tate-
only feedback approach illustrated in Fig. 2, whisbans
that if x[n] andy[n] denote respectively the input and the
output of the integrator, one has

sl = sin -3+ ({n-1+ ) @

with T the loop sample time (which corresponds to the
correlation time). Numerical loop filter coefficisnare
chosen as a function of the loop bandwidBh as
described in [13].

NCO / Integrator

x[n] @ TN T
2 T
S0 Pl

Fig. 2: NCO and Integrator rate-only feedback

y[n]

approach.
FIRST UNWRAPPING PLL STRUCTURE:
ANALYSIS OF PHASE DISCRIMINATOR
OUTPUTS

Overview of the PLL

If we want to enforce noise robustness of phaskelibc
loops, we have to deal with the cycle slips phenmme
To do so, we propose in this paper to incorporate i
PLLs a phase unwrapping algorithm which offers drett
noise robustness than algorithms based on a tHdesho
approach for cycle slip detection. This unwrapping
algorithm relies on a polynomial phase model prtaatic
which aims at anticipating cycle slips [7].
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Since cycle slips occur during the phase estimagiwar
step, the first adaptation of the unwrapping albaomiis to
make it predict the next discriminator output. ledgif

one can predict the forward phase estimation error
ogn+1], a pre-compensation step can be realized to
anticipate this evaluation at the next step of rerro
estimation. By doing so, the phase dynamic stress
estimated by the phase discriminator is reduced and
occurrence of cycle slip is then lessened. Bec#usse
cycle slips are due to a critical combination ofapd
dynamics and noise, pre-compensating the dynamassst
allows the phase discriminator to sustain a higitease
noise power. In light of this remark, the new PLL
structure is then expected to be more robust tesepha
noise.

General scheme of the new PLL structure is given in
Fig. 3. More precisely, the new structure is oprgaBas
follows: at each step of loop iteration, a predictof the
next phase discriminator output is performed thaokbe
past outputs. Algorithm used for this estimationths
weighted recursive least square algorithm (WRLS) [8
Once the prediction calculated, we can use it te- pr
compensate it both for local replica generation anthe
discriminator stage. This operation reduces theking
phase dynamics. Notice that a giiris added before pre-
compensating to reduce prediction error effect.
Obviously, this gain will be chosen suchkasl.

(56[n|- K56 + é
floam=KoBn) o -2 | Loop ]
filter

s[n]

@lati011

Discriminator
output

prediction

.
|| Replica o] ———
Sr[n] generat@r \_l/ + l&

Fig. 3: PLL unwrapping structure analyzing phase
discriminator outputs.

So far, the new PLL structure has been defined;
calculation steps of phase discriminator outputiigtéon
and pre-compensation are now detailed.

Discriminator output polynomial model

In order to predict the next phase discriminatotpau
thanks to the WRLS algorithm, an analysis modethef
former has to be established. The model choserthfor
prediction step is aM degree polynomial approximation
(which does not consider cycle slips phenomenon and
assumes that the discriminator output is continyjoues,

96[n| = i a,n* +¢&[n| (5)
k=0

where ¢/n] is the perturbation due to phase noise.
Parameters {ay ay} are the polynomial phase



coefficients that define our model. In this paptre
polynomial degre® will be constantly fixed to 1, i.e., we
will suppose that the phase discriminator output ba
approximated by a straight line. In practice, iblsvious
that the discriminator output does not look likkng but,

if we chose an sufficiently limited weight factar the
recursive least squares algorithm, this linearmagsgion is
reasonable.

The polynomial model defined by expression (5) will
allow us, by estimating the parametdes ... ay}, to
predict and pre-compensate the phase discriminator
outputs thanks to the algorithm described next.

Algorithm of prediction and pre-compensation

The new PLL structure shown in Fig. 3 is based on a
iterative unwrapping algorithm [7] which predictada
pre-compensates the phase discriminator output.
Calculation steps of this algorithm are detailexdifer.

1-Initialization

To initialize the iterative algorithm of predictime-
compensation, we have to compute a first estimatheo
polynomial parameter&, ... ay}. This initialization will
be performed by analyzing the first phase discratin
outputs with the weighted least squares algorithm.

More precisely, let us assume to know the first
discriminator outputsd@\)=[340], 541] ... 5GN-1]] ".
According to the polynomial analysis model of the
discriminator output (5), we can write the lineaatnx
equation,

AB(N)=G(N)a+g (6)
where €' =/¢/0].¢/1]..../N-1]]is the phase noise vector,

a'= [ag, a,...,as the polynomial parameter vector and
theNx(M+1) auxiliary matrixG(N) is

1 0 O
1 1 I

G(N)=l1 2 2? v R )

1 N.—l (N‘—1)2 (N;l)M_

The weighted least squares estimate for polynomial
parameters is

a(N) = (G(N)TRIG(N)) "G(N)TR;IAO(N)  (8)

whereRy is the weight matrix. In our study, we chose an
exponential weight matriRy=diag(1,4... A"*) with 4 the
weight factor. It is chosen a1 to respect the linear
approximation (5)
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2- Prediction of the next discriminator output

Using the polynomial parameters vector estimagm)
(for n>N), we can estimate the next discriminator output.
This prediction is given by

o9[n+1]=g},.a(n) ©)
where ng is the(n+1)th row of G(n+1), that is
ng=[1 n n* .. n""J. (10)
3- Phase dynamics pre-compensation

Pre-compensation of the phase prediction computétea
previous stage is performed as follows

oo[n+1]=0(f (66[n] - KB[n +1]))+ K.o8[n+1] (11

where [I([) is the studied discriminator angle function
ATAN or ATAN2, i.e.,

""t""’( SO (e)))

D(f (g)) = (12)
atanZ0( f (9)),0(f (8)))

with the atan2 function defined as

y

Iy +x)

atand x, y) = 2ata (13)

4- Polynomial coefficients updating

A new estimation of the coefficients paramefeis... an}
is performed by updating the last estimation thaokihe
WRLS algorithm,

Cn+1 = ng-rl;a-l(A_n + gn+lpng-rl;+1)_l (14)
a(n+1) =a(n) +C,, (00 +1-g,.aMm) (15
IDn+1 = I:)n - Cn+1gn+1pn (16)

with C, the gain vector andP, the error estimation
covariance matrix.

5- Iteration

Algorithm of prediction/pre-compensation is perfaon
by iterating through steps 2-4 for each iteratitap ©f the
tracking loop.



Analysis of the PLL structure during the tracking

In order to verify the efficiency of the proposedlP
structure shown in Fig. 3, let us track a Dopplesige and
observe the discriminator output. Fig. 4 shows s the
proposed PLL structure is operating to anticipagelec
slips. We can see on this figure both steps ofiptied
and pre-compensation of the phase unwrapping #hgori
used for our PLL for a free noise phase tracking.

Doppler dynamics used for the experiment is fixed t

2Hz, i.e.,
2 2 Z.

The phase discriminator is chosen as an ATAN
discriminator for this example (and because werassio
work on a C/A GPS signal) and all others parametérs
the tracking loop are given in Fig. 4.

(17)

T T T
—o—Uwrapped discriminator output
——Predicted discriminator output
Pre-compensated discriminator output
B.=2Hz

Doppler frequency :
Hz T=20ms
Discriminatar: K=l
ATAN =07

N=10

D

a1 I | L | I
0 5 1 15 2 25 3
Tire [5]

Fig. 4: Prediction and pre-compensation of
discriminator output by analyzing discriminator
output.

We can notice that during the tracking, the disarator
output exceeds the linearity range/, n/2] of the ATAN
function. However, no cycle slips appears because
discriminator output prediction is precise enough t
anticipate it. Indeed, pre-compensation of the ioted
output makes the phase discriminator estimate arlow
phase dynamics and prevent the discriminator odtpot
exceeding the linearity bound. Fig. 5 illustratdse t
estimation of the phase polynomial paramefers a}
during the track. We can see that, as expectede ttweo
parameters tend to be null (for a second order Rhére

is no steady state error when tracking a frequeiay).

[Polvnomia Perameters ectimiaticn

1 T T T

---awlT

Polynomial Paramet:

T T
"-’
s
A
\\

.,
N
\,

I I I I I
0 1 2 4 5 6

T\mi[s]
Fig. 5: Polynomial coefficients estimation for phas
discriminator output analysis.
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Fig. 6 shows the Doppler phase tracked by the m®gho
PLL structure and a conventional PLL. We can seg th
for the proposed PLL unwrapping structure, the eycl
slips does not occur contrary to the basic PLLcstme.

Efficiency of the proposed PLL structure for nojdyase
tracking is studied in a later section.

40 T

| | = =Doppler phase dynamics
=0—Proposed PLL structure
I | —*—Basic PLL structure

w
=

w
=

\.
o
\\\\\

B =2

51 P g Cioppler frequency i
e T=0ms
k=1 1
Discriminator: | |,
P e
N=10

| |
2 25 3

Phase estimated [rad]
o
=]

Tirne [5]
Fig. 6: Phase tracking for conventional and
unwrapping PLL analyzing discriminator output.

SECOND UNWRAPPING PLL STRUCTURE:
ANALYSIS OF LOOP FILTERS OUTPUTS

Overview of the PLL

The PLL structure described in the previous section
analyses the phase discriminator output to prethiet
forward output and pre-compensate it. We now prepos
another new PLL structure that analyses the lotipr fi
outputs to predict the next discriminator outputisTnew
structure is illustrated in Fig. 7.

f(660m - K66[n]) ——— o 50 Loop | 9]
a ilter
ﬂzz\ Frequency | jp,.qj| Loop filter
orreration to phase output 1<
conversion prediction
n
| | Replica oln]
s{n] generator + L NCO |

Fig. 7: PLL unwrapping structure analyzing loop filter
outputs.

The aim of the structure in Fig. 7 is the same tes t
structure presented previously in Fig. 6: to prediced
pre-compensate the phase dynamic stress in order to
anticipate cycle slips. Pre-compensation stage is
unchanged however the prediction is now calculdigd
analyzing the loop filter outputs. The main intéresthis
new configuration is to take advantage of the lasp
nature of the loop filter. Indeed, loop filter outp are less
noisy than the phase discriminator outputs, soiptied

the former may be profitable regarding the noise
robustness.



Algorithm of prediction and pre-compensation

As announced previously, the pre-compensation stge
the same as the one introduced in Fig. 3. The only
difference is that prediction of the next discriator
output is realized by analyzing the loop filter muits. To

do so, we have to establish an analysis modeleofabp
filter output. As before, this model is chosen ash
order polynomial model:

ol M
8[n]=>"bn* +u[n| (18)

k=0
with v[n] the noise component anfb, ... h,} the

polynomial parameters we want to estimate. As far t
former PLL structureM will be constantly fixed to 1. The
algorithm that recursively estimates the polynomial
parameters is the same as described in the previous
section.

Since loop filter outputs give information abouteth
instantaneous carrier frequency, an additional step
necessary to convert frequency prediction into
discriminator output prediction. This new calcutatistep

is described hereafter.

Conversion of loop filter output prediction to phase
discriminator output prediction

Working on loop filter output involves an additidna
calculation step that converts loop filter outptgdiction
to phase discriminator output prediction. In order
perform this conversion, we have to express the
discriminator output©(n) as a function of thestimated
polynomial coefficientgby,...,k}. To do so, we use the
phase discriminator output transfer function of el
described in Fig. 8,

d6(2) =0(2)-6,(2) = (1-H(2))8(2) (19)
with 06(z) the phase discriminator outpéz) the phase
dynamics we want to traclg(z) the phase estimation and
H(2) the linear closed loop transfer function of thel P
(i.e., the one that does not considers cycle slips
phenomenon), i.e.,

H(2) = Z'F(2N(2)

= I (20)
1+z7F(2)N(2)

with F(z) and N(z) the transfer functions of respectively
the loop filter and the NCO [13].

Obviously, we do not know the expression of thekeal
phase dynamic€(z) . To inverse the expression (19),

we use an estimatio@(z) of the phase dynamics built
with the estimated polynomial coefficienf®,,...,h}.
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These coefficients give us information about the
frequency dynamics, i.e. (recall thdt1)

f[n) =b, +hyn. (21)

By integrating (21) and fixing the integration ctarg to
0, we obtain

oln] = bon+%bln2 (22)

0.(z)

Loop filter
+NCO

0(2) +T\00(2) = 0(2)-0.(2)
L/

‘ Closed loop transter tunction : H(z)

Fig. 8: Linear closed loop transfer function of the
PLL.

The expression (22) does not include the corralagtage
of the PLL. If we want to precisely estimate the
discriminator output, we have to calculate the phas
dynamics associated to the dynamics (22) affeciethd®
correlation timeT. By developing the expression of the
correlation stage and neglecting some small cdioala
terms, we obtain the equivalent phase dynamics

B[n] =c, + gn+c,n? (23)
with
T2 T
Co = blg_boz
q=%—q1 (24)
2
1
C, =Eb1

The phase dynamics expression (23) gives us [16]

1 +g zt . TZ'A+z7)
1-z1 ta-zYH? P @-zY)?

6(2)=c, (25)

By combining (20) and (25) into (19), it is possiko
obtain an approximation of the phase discriminatatput

o0 [n] by calculating

56[n| =Tz {1~ H(2))8 (2)}fn]. (26)

Analysis of the PLL structure during the tracking

Let us analyze a phase tracking with the PLL stmact
proposed in this section. Parameters of this tragkire

the same as in the previous section so that Doppler
dynamics used is fixed to 2Hz, the phase discritoinis



chosen as an ATAN discriminator and all others

parameters of the tracking loop are given in Fig. 9

T T T

—o—Unwrapped discriminator output

——Predicted discriminator output
Pre-compensated discriminator output | 1

Doppler frequency BL=2Hz
2Hz T=20ms
ATAN 2=0.7

N=10

15 2 25 3
Tirre [5]

Fig. 9: Prediction and pre-compensation of
discriminator output by analyzing loop filter output.

We can see in Fig. 9 the evolution of the predictémd
pre-compensation step during the track. We cancaoti
that predicted and pre-compensated discriminattpubsi
are not the same as illustrated in Fig. 4. Thisedéhce
results from the transient time of the polynomial
coefficients estimation which induces an error e t
frequency to phase conversion stage (26). Oncen agai
note in Fig. 10 that no cycle slip occurs althoubk
phase discriminator outputs exceed the linear rahgee
discriminator. As expected, prediction of the
discriminator output reduces the dynamics at the
discriminator input. Since this reduced phase dyoam
does not exceed the discriminator linear rangelecsiip

is avoided.

———Doppler phase dynamics
kil
o Proposed PLL structure
(Loop filter outptit analysing)
—=—Basic PLL structure

25 3

Time [s]

Fig. 10: Phase tracking for PLL basic structure and
PLL structure analyzing loop filter output.

We can see in Fig. 11 the frequency polynomial
coefficients estimates during the tracking.

—b

-—mb T

-

T T —

Frequency Polynomial Paramters
71

Ll I I L I
4 5 6

T\m;[s]
Fig. 11: Polynomial coefficients estimation for lop
filter output analysis.
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We notice that, when steady state is reached, ttvese
coefficients correspond as expected to the frequenc
dynamics, i.e.,b,=2 and b;=0 (frequency dynamics:
2Hz+0Hz/s).

RESULTS

In this section we study the noise robustness eftito
PLL structures presented in this article. In order
highlight the robustness of these structures, wé wi
compare them to a conventional PLL and anothertioaie
unwrap cycle slip by a thresholding method as dlesdr
in [6]. To do so, a Doppler carrier phase dynamitdsbe
fixed and tracked by all the four PLLs.

For the simulation that follows, the incoming sitmall

be generated as described in equation (1) and dipplEr
carrier phase as

din] = pO)NT, + %é)(O)nZT;, @)

with Te=1/F, (we work here on a L1 C/A signal with
F=2x1.023MH2 and

@(0)/2r=2Hz

. (28)
@(0)/2r= 05Hz/ s

which correspond to a pedestrian Doppler dynamics
[17,18]. For the analysis model of the phase disiciator
output and the loop filter outputs, the polynondalgree

M will be fixed to 1, so outputs will be approximdtey

6] =a, +an,
6[n] =h, +hn.

One can notice that, by fixingl=1 for the two proposed
structures, we do not analyze the phase estimatimr

with the same degree. By estimating the parameters
{bo,bi} of equation (30), we can estimate the frequency
dynamics and the phase acceleration; whereas the
estimation of the parametefag,a;} of equation (29) is
just informing us about the phase and the frequency
dynamics. This is one of the advantages of anafyinop

filter outputs: with the same degree of analysige can
access to a higher phase dynamics. Unfortunatety, b
analyzing loop filter output, we lose the phase
information. However, this loss of phase informatis

not so critical since a phase step dynamic doesnmaly
steady state error contrary to higher dynamics.

(29)
(30)

The four discriminators used to compare PLLs are
ATAN. The loop bandwidth is fixed aB ,=3Hz (high
enough to estimate the dynamics (28)) and the gtiedi
time T=20ms(because we assume here to work on a L1
C/A signal). For the two proposed PLLs, degredhef
polynomial analysis is fixed tM=1 as said before. The



WRLS weight factord and the gairK are empirically
determined and fixed t6=0.8 andK=0.6. Concerning the
thresholding PLL, a gaiK is also present in the structure.
This gain is fixed t&=0.3 as explained in [6].

[Probability of Loss of Lock|

Conventional PLL
—{— Thresholding PLL
08k —o—First proposed PLL
Second proposed PLL

Loss of lock probability

zc;rr-'zlzzzlcz"gczréca‘
CNO [dBHZ]
(a)

L
o 12 14 16 18

Rate of Cycle Slips per seconde

T T
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3 —O—Thresholding PLL
—o—First proposed PLL
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/\ ]
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8 20
CNO [dBHZ]
(c)

r
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)
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Cycle slips per second

05

) I I
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is more robust to phase noise than the PLL stractur
analyzing discriminator output in term of loss otk.
This results from the fact that discriminator outpare
noisier than loop filter outputs and the analysistte

‘Time of Loss of Lock occurrence|
T T T T T

Convertional PLL
—— Thresholding PLL
20H —o—First proposed PLL R S—
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Fig. 12: Tracking performances of the two proposedLL structures compared to the
thresholding PLL and the conventional PLL.

Fig. 12 shows the average performance of the PLLs
studied for 500 phase trackings of 20 seconds éafh.
can see, as a function of the CNO,

- The probability of loss of lock,

- The starting time of the loss of lock,

- The rate of cycle slips per second (based on the

tracking time before losing the lock),

- The time of the first cycle slip.
When a cycle slip occurs, one can observe on phase
estimation a transient time which corresponds éotitme
needed for the PLL to recover the steady state
equilibrium. This transient time can be long enotwglbe
considered as a local loss of lock. Thus, durirgghase
tracking, all transient times due to cycle slipattaxceed
1s (which corresponds roughly to the acquisition tiafe
the loop [9]) are considered as a loss of lock.

We can see on Fig. 12 that, as expected, the topoped
methods have a better noise robustness than ciowaint
and thresholding PLL structures. They decreasddbe

of lock limit about 4~5 dBHz for this simulation asen

in Fig. 12(a). We can notice in Fig. 12(b) that tin®
proposed PLLs offer a longer time of phase tracking
before losing lock. One can also see in Fig. 1aca) Fig.
12(b) that the PLL structure analyzing loop filtartputs
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former then offers a better noise robustness.

Concerning cycle slips, we can see in Fig. 12(a} the
two proposed PLL structures have a better noise
robustness in terms of cycle slips rate than the
thresholding PLL structure. Indeed, for CNO rantest
correspond to a reasonable probability of lossook lof
each PLL structures, we can see that the two peapos
structures offer a lower cycle slips rate than the
conventional and the thresholding PLLs. We canceaii

Fig. 12(d) that the three unwrapping PLL structunrase
better performances than the conventional PLL imse

of time of the first cycle slip. This result can dleviously
explained by the fact that the conventional PLLthe
only one loop which does not possess an unwrapping
system. Best performance is obtained with the first
proposed PLL structure, followed by the threshoding
structure and finally the second proposed structlihés
last performance is quite conflicting with the fabat
analysis of loop filter outputs is expected to beren
robust and to offer a better cycle slips correction
However, this result can be explained by the preseri

the additional conversion step (that converts Iditipr
prediction to discriminator prediction) which imgdi error

of discriminator output prediction as explaineddvef



CONCLUSION

This paper has proposed two new unwrapping PLL
structures that offer better noise robustness than
conventional PLLs or PLLs using thresholding apploa
to correct cycle slips. These two structures asetan a
system of prediction and pre-compensation of thedod
discriminator output realized by analyzing the |doer

or discriminator output thanks to a polynomial gséd
model.

Simulations show that, compared to threshold-based
PLLs, the two proposed PLL structures have a better
noise robustness in terms of loss of lock perforrean
Indeed, noise limits of loss of lock are decreased time

of phase tracking before the loss is increased.

Futures works will focus on adapting the proposed
structures to multicarrier signals with the aimetaforce
further the noise robustness of the loops and difétter
performance in terms of cycle slips correction. Tieav
generation of navigation signals (i.e., GALILEO rsidg)

will also be used for testing the performanceshef tivo
proposed structures when they track a pilot sigritid an
ATAN2 phase discriminator.
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