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Abstract—For precise positioning techniques, perfor-
mance of phase lock loop (PLL) is of utmost importance
since the estimated receiver’s position is intimately linked
to phase measurement. Unfortunately, conventional PLLs
suffer from a lack of noise robustness that is mostly due to
cycle slips. Cycle slips are phase measurement biases that
occur during the phase tracking and damage the quality of
phase estimation. The purpose of this paper is to propose
a new PLL design embedding a multifrequency phase
unwrapping technique. Indeed, with the modernization of
GPS and the arrival of the future European positioning
system Galileo, users will have access to numerous civilian
multicarrier signals. We exploit this diversity within a phase
unwrapping structure that allows the incoming phase dy-
namics to be predicted and subsequently the dynamics
estimated by the discriminator to be reduced. Compared
with a conventional PLL, this new structure offers a better
cycle slip robustness and reduces the probability of loss
of lock.
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I. INTRODUCTION

Precise Point Positioning (PPP) techniques are able to
provide accurate user positioning with a single receiver.
To obtain centimeter-level accuracy, PPP algorithms need
accurate orbital and clock data of the satellites in view
as well as carrier phase observations collected by the
user’s receiver [1]. Although mass market applications
“hunger” for precise positioning, PPP methods are not yet
implemented for such applications. Indeed carrier phase
estimation, ensured for instance by phase lock loops
(PLL), suffers from a lack of robustness in case of low
carrier-to-noise-density-ratio (CN0) environments such as
urban canyons.

The weak noise robustness of phase tracking is par-
tially due to the presence of cycle slips that can cause
the loss of lock. Cycle slip phenomenon is a distinctive
characteristic of PLLs which directly results from the
periodic nature of phase discriminators used in tracking
loops [2]. These phase bias are caused by either a high
dynamic stress and/or a high noise level. Simple methods
have been proposed to correct cycle slips caused by a



high dynamic stress within the PLL. They rely mostly
on a fixed thresholding procedure (i.e., use of sawtooth
function at the discriminator output) [3], [4]. However,
PLLs based on such non-linear techniques can wrongly
induce cycle slips in case of noisy environments.

Recently we have proposed a new PLL design that
embeds a phase unwrapping structure based on a poly-
nomial prediction algorithm for cycle slips anticipation [5].
More precisely, this structure (which tracks the phase of a
single-carrier signal) aims at predicting the discriminator
output by analyzing the former loop filter outputs thanks to
a polynomial model. The polynomial coefficients are esti-
mated via the weighted recursive least squares (WRLS).
Once the next discriminator output is estimated, the pre-
diction is pre-compensated so that the phase dynamics to
be tracked is reduced. Compared with conventional PLL
structures, our PLL structure allowed the cycle slip rate
and the probability of loss of lock to be decreased.

In this paper, we propose to extend our former un-
wrapping structure [5] to multifrequency signals so as
to enhance the tracking performance of their associ-
ated PLLs. In the foreseeable future, a large diversity
of multifrequency signals will be accessible to civilian
receivers for many navigation constellations (e.g., L1,
L1C, L2C and L5 GPS signals, E1, E5a, E5b and E6
Galileo signals). Frequency diversity is known to offer
many advantages, e.g., improved integrity and robustness
towards jammers, ionosphere estimation capabilities and
multipath mitigation. It offers also the possibility to ob-
serve the relative radial velocity of the user as many times
as there are transmitted frequencies [10]. More specifi-
cally, carrier phases received from the same satellite are
supposed, up to a multiplicative constant and in absence
of strong ionospheric scintillation, to be equal. By relying
on this property and taking advantage of the subsequent
proportionality relationship that takes place between the
observed Doppler frequencies (defined as the derivative
of the carrier phases), two new PLL structures with a mul-
tifrequency phase unwrapping technique are presented in
this paper.

The remaining of the paper is organized as follows.
Section 2 describes the model of the incoming mul-
tifrequency signal. Section 3 details the two multifre-
quency PLL structures proposed herein. Section 4 is a
comparative study which highlights the efficiency of the
two proposed multicarrier structures in terms of noise
robustness. Finally, Section 5 concludes the paper.

II. RECEIVED SIGNAL MODEL

The incoming signal is a multifrequency signal related
to P carrier frequencies emitted by the same satellite.
The signal component associated with each carrier is
assumed to be a complex exponential signal and received
on an independent RF channel. Code delay and data
navigation synchronization are supposed to be perfectly
established so that the signal model does not include
neither Gold codes nor navigation data bits. The incoming
signal related to the pth frequency can therefore be

expressed as

sp[k] =
√
Cpe

2iπθp[k] + np[k] (1)

with Cp the received signal power, θp[k] the (normalized)
carrier phase to be tracked and np[k] the white Gaussian
thermal noise defined as

np ∼ CN
(
0, σ2

p

)
. (2)

The thermal noise power σ2
p is given by

σ2
p =

Cp
CN0p

Fs, (3)

with CN0p the carrier-to-noise-density-ratio of the pth
frequency and Fs the incoming signal sample rate. The
received phase θp is supposed to be related to two addi-
tive phenomena, i.e., the Doppler effect and ionospheric
perturbations, so that it can be expressed as follows

θp = θDopplerp + ∆θionop (4)

where each component can be easily identified by its
superscript. Accordingly, the phase rate associated with
the model (4) is given by

θ̇p =
dθp
dt
,

= θ̇Dopplerp + ∆θ̇ionop

where θ̇Dopplerp is the conventional Doppler
frequency [10], i.e.,

θ̇Dopplerp = −fp
vTa

c
(5)

with fp the carrier frequency of the pth frequency, v the
satellite-to-user relative velocity vector, a the unit vector
pointing along the line of sight from the user to the satel-
lite, and c the speed of light. The term ∆θ̇ionop is related to
the change rate of the ionospheric electrical content. By
assuming that the received signal is tracked under non-
critical ionospheric condition, ∆θ̇ionop is generally slow
enough to be neglected [6]. Thus, the phase rate is simply
given by

θ̇p = −fp
vTa

c
. (6)

Recalling that the P frequencies are assumed to be
emitted by the same satellite, the term vTa/c has the
same value. This leads to a proportionality relationship
between θp and θp′ as [7]

θ̇p =
fp
fp′

θ̇p′ (7)

where fp and fp′ are the pth and p′th frequencies respec-
tively.

III. PLLS WITH MULTIFREQUENCY PHASE UNWRAPPING
STRUCTURE

In this section, we propose two new PLL structures
that incorporate a phase unwrapping technique using
frequency diversity. These PLLs are extended versions
of a former design proposed in case of single-frequency
signal [5]. We recall first the single-frequency approach
before describing its extended versions to multi-frequency
scenario.



A. The single-carrier structure

The multifrequency structures proposed in this paper
are inspired from the phase unwrapping structure illus-
trated in figure 1. This single-frequency structure is based
on a conventional PLL. An external system is added to the
conventional structure to reduce the dynamics estimated
by the discriminator. This system aims at predicting the
forward phase discriminator output by analyzing the loop
filter outputs. By reducing the dynamics to be tracked,
cycle slip rate is reduced and makes the PLL of figure 1
more robust than conventional PLL.

Figure 1: PLL structure with single-frequency phase unwrapping [5]

To analyze the frequency dynamics estimated by the loop
filter (i.e., the loop filter outputs), an analysis model had
been chosen as

θ̇[k] =

M∑
m=0

bmk
m + ν[k], (8)

with θ̇ the loop filter output, ν the noise component, M
the degree of the polynomial analysis model (generally
chosen as M = 1) and {b0 . . . bM} the polynomial coeffi-
cients. This polynomial model enforces smoothness and
allows us, by estimating the parameters {b0 . . . bM}, to
predict the next frequency estimate ˆ̇

θ[k + 1]. Once the
forward frequency output is estimated, a conversion step
estimates the next discriminator output by using the poly-
nomial parameters {b0 . . . bM}. This calculation step uses
the closed-loop transfer function of the conventional PLL
to express the discriminator output as a function of the
incoming dynamics (i.e., the polynomial parameters) [5].
Finally, a gain Ω is added before precompensating the
discriminator prediction to reduce prediction error effect.
Obviously, this gain will be chosen such as Ω < 1.

The algorithm that recursively estimates the polyno-
mial coefficients is the WRLS algorithm described in [5].

B. Multicarrier structures

To design a multicarrier PLL structure based on the
prediction/pre-compensation system as described in [5]
and illustrated in figure 1, frequency observations (i.e.,
outputs of the loop filters) have to be analyzed by the
analysis model (8). To do so, we propose two differ-
ent approaches denoted respectively as centralized and
decentralized estimation which are detailed hereafter. In
both approaches, PLLs associated with each transmitted
frequency are run in parallel.

1) First multicarrier PLL structure: centralized estimation

The multicarrier PLL structure associated with the
centralized approach is illustrated in figure 2.

Figure 2: Multifrequency PLL structure in case of a centralized ap-
proach

In the centralized approach, a unique estimation step
is performed. The relation of proportionality (7) is directly
considered so that only one set of polynomial coefficients
is actually estimated. To do so, a WRLS algorithm suited
for multi-frequency signals has been developed. More
precisely, let us assume that we have access to the P
observation vectors yp (p = 1, . . . , P ) associated with
the N first loop filter outputs of the P PLLs tracking the
multicarrier signal

y1,N =
[
θ̇1[0] . . . θ̇1[N − 1]

]T
... (9)

yP,N =
[
θ̇P [0] . . . θ̇P [N − 1]

]T
.

Since we are searching to estimate a unique set of co-
efficients {b1, . . . , bM}, we use the relation of proportion-
ality (7) as proposed hereafter. We choose a reference
frequency fref among the P frequencies and rewrites all
the Doppler frequencies as

θ̇p = ρpθ̇ref (10)

where

ρp =
fp
fref

. (11)

Then using relation (10) while assuming a polynomial
model for the time-evolution of the pth phase yields

θ̇p[k] =

M∑
m=0

bpmk
m + νp[k], (12)

= ρp

M∑
m=0

bref
m k

m + νp[k], (13)

The following vector notation is finally obtained

HNb
ref
N + νN = yN (14)



with νN the noise vector

yN = [yT1,N , · · · ,yTP,N ]T

bref
N = [bref

0 (N), · · · , bref
M (N)]T

HN = ρ⊗GN

where

ρ = [ρ1, · · · , ρP ]T , (15)

GN =


1 0 02 · · · 0M

...
...

...
...

1 (N − 2) (N − 2)2 · · · (N − 2)M

1 (N − 1) (N − 1)2 · · · (N − 1)M

 .

The weighted least squares estimation problem for the
reference polynomial coefficients bref is

b̂
ref
N = arg min

b

[
(HNb− yN )R−1N (HNb− yN )

T
]

with RN the NP ×NP weighted matrix defined as

R−1N =

 R−11,N

. . .
R−1P,N

 , (16)

where R−1p,N is the N ×N weight matrix associated with
the frequency fp. In our study, we choose

R−1p,N =

 1
. . .

λN−1

 , (17)

where λ is the weight factor chosen as λ < 1 to give
more importance to the latest observations. Estimate of
the reference polynomial coefficients bref is given by [12]

b̂
ref
N =

(
HT

NR
−1
N HN

)−1
R−1N H

T
NyN . (18)

During the phase tracking, the reference coefficients vec-
tor can be recursively estimated by updating the estimate
b̂

ref
N thanks to the new observations {y1,N+1, . . . , yP,N+1}.

Details of the WRLS algorithm that has been developed
to estimate the coefficient vector in case of a multicarrier
approach are given in Appendix. Once the estimation
of the coefficient vector b̂

ref
is performed, the coefficient

vectors associated with the P frequencies are built as
follows for each frequency fp

b̂
p

= ρpb̂
ref
.

The coefficient vectors can thus be used to pre-
compensate the phase dynamics estimated by the dis-
criminator of the PLLs they are associated with.

Figure 3: Multifrequency PLL structure in case of a decentralized
approach

2) Second multicarrier PLL structure: decentralized esti-
mation

The multicarrier PLL structure associated with the
decentralized approach is illustrated in figure 3.

As for the first solution previously described, the de-
centralized approach uses the proportionality relationship
(7) that takes place between the Doppler frequencies.
However, here, polynomial coefficients are firstly esti-
mated independently for each carrier. This set of co-
efficients is then re-estimated while enforcing a known
relation of proportionality between them. More precisely,
let us suppose that we have P PLLs (associated with the
P transmitted signals) that are run in parallel. The model
(8) can be used to analyze, as in the single-frequency
approach, the loop filter outputs of each PLL. By doing
so, we estimate the P coefficient vectors

b̂
1

= [b̂10, · · · , b̂1M ]T

... (19)

b̂
P

= [b̂P0 , · · · , b̂PM ]T .

Due to the proportionality relationship between Doppler
frequencies (7), the estimated set of coefficients are also
supposed to be proportional. By choosing the coefficient
vector bref as the reference vector, one can write

b1 = ρ1b
ref,

... (20)
bP = ρP b

ref,

where
bref = [bref

0 , · · · , bref
M ]T ,

and ρp is the carrier frequency ratio defined in (11).
To estimate bref, we propose to simply combined the P
estimated vectors bp as follows

b̂
ref

=
1

P

P∑
p=1

b̂
p

ρp
. (21)

Once the estimation of the coefficient vector b̂
ref

is per-
formed, the coefficient vectors associated with the differ-
ent carrier frequencies are given by

b̂
p

= ρpb̂
ref
.



The coefficient vectors can thus be used to pre-
compensate the phase dynamics estimated by the dis-
criminator of the PLLs they are associated with.

IV. NUMERICAL SIMULATIONS

In this section, we study the performance of the two
multicarrier PLL structures presented in Section 3. To
highlight their robustness, we compare them to the single-
carrier unwrapping structure they are inspired from (this
structure is illustrated in figure 1). In the following, a
Doppler carrier phase dynamics will be fixed and tracked
by all the PLLs for different CN0 values.

A. Description of the simulations

For the simulations that follow, the incoming multicar-
rier signal is generated as described in (1). Here, we only
consider the case of a bifrequency signal composed of
the L1 (1575.42 MHz) and L2 (1227.6 MHz) frequencies.
The Doppler phase dynamics associated with the pth
carrier is generated as

θp[k] = θ̇p(0)kTs +
1

2
θ̈p(0)k2T 2

s , (22)

with

θ̇L1(0) = 3Hz,

θ̈L1(0) = 1Hz/s,[
θ̇L2

(0), θ̈L2
(0)
]

=
fL2

fL1

[
θ̇L1

(0), θ̈L1
(0)
]
.

For the analysis model of the loop filter outputs, the
polynomial degree M is fixed to 1 so that the frequency
outputs can be approximated by a linear relation viz

θ̇p[k] = bp0 + bp1k. (23)

The discriminator used for the three considered PLLs is
the ATAN discriminator [10]. The loop bandwidth is fixed
at BL = 5Hz (high enough to estimate the Doppler phase
dynamics) and the correlation time at Tcorr = 20 ms. The
WRLS weight factor λ and the corrective gain Ω are fixed
to λ = 0.8 and Ω = 0.6.

To compare the noise robustness of the proposed
structures, two performance metrics are considered: the
loss of lock probability and the cycle slip rate (based on
the tracking time before losing the lock).

B. Results

Figure 4 shows the performance (obtained thanks
to Monte-Carlo simulations) of the studied PLLs for 20
seconds of track when the two frequencies (L1 and
L2) are received under identical CN0 conditions (i.e.,
CN0L1 = CN0L2). We can see that, compared to the
single-frequency structure, the two proposed multifre-
quency structures offer an improved noise robustness.
More precisely, for reasonable CN0 values, loss of lock
probabilities on L1 and L2 are decreased as well as the
cycle slip rates. One can notice that the performance
improvement depends on the carrier frequency. Indeed,
the L1 carrier benefits more from the multicarrier tracking

Figure 4: Tracking performance of PLLs with different phase unwrapping
structures. Single- vs multi-frequency approaches (L1 and L2 have the
same power)



Table 1: L1 and L2 received minimum RF signal strength

L1C L2C
Received power [dBW] -158.5 -161, -163

approach in terms of loss of lock probability. This result
can be easily explained by the fact that the Doppler
dynamics on L1 is higher than the L2 dynamics. An
improved dynamics estimation and reduction is thus more
profitable for the highest frequency L1. On the other
hand, figure 4 shows that the cycle slip correction is
better on L2. This observation, which contrasts with the
performance improvement on loss of lock probability,
can be explained by considering the noise prediction on
frequency dynamics. Indeed, whatever the multicarrier
tracking approach we choose, the frequency dynamics
is estimated via a reference polynomial coefficient vector
b̂

ref
. To compute the coefficient vector associated with

the pth carrier frequency, we use the different frequency
ratio ρp. Knowing that ρL1 > ρL2, the prediction error
(injected in the tracking via the pre-compensation system)
is thus lower for the L2 carrier frequency. In our simulation
scenario, cycle slips mainly occur due to noise (loop
bandwidth is high enough to track the phase dynamics).
Consequently, if the prediction error is higher on L1, it
makes sense that the cycle slip rate is lower on L2.

In practice, the two carrier frequencies L1 and L2 may
not be received under the same CN0 conditions. The
L1 and L2 received minimum RF signal strengths are
given in table 1 [14]. This difference of power can be
profitable for the weakest carrier frequency in case of a
multicarrier tracking approach. Indeed, one can expect
that the strongest frequency may help the weakest one
to improve its tracking performance thanks to the common
dynamics prediction system (same idea has lead to the
development of vector-tracking approaches [6]). To check
this assumption, let us track the carrier phase from the
L1 and L2 frequencies in a case where CN0L1 differs
from CN0L2. In accordance with table 1, we choose
CN0L1 = CN0L2+5 dBHz. Tracking performance for this
new scenario is illustrated in figure 5. It shows that, for the
multifrequency approaches, the weakest frequency has
its performance significantly improved while the strongest
one sees its performance decreased both in terms of
cycle slipping rate and loss of lock probability. This result
confirms that the proposed multicarrier structures are
profitable for the carrier with the weakest power. However,
it is worth noticing that the strongest frequency is polluted
by the weakest channel. It could be thus advantageous to
consider a mixed approach where the strongest channel
would assist the weakest one but not reciprocally (to avoid
any contamination). Decision to track a channel with a
multi or a single-frequency approach could be determined
by estimating the CN0 of the different frequencies thanks
to a loop signal-to-noise-ratio estimator [13].

Concerning the relative tracking performance of the two
proposed multicarrier structures, it can be seen in figures
4 and 5 that there is no significant difference between the
two tracking approaches. Knowing that, the decentralized
approach seems to be the best solution for multifrequency

Figure 5: Tracking performance of PLLs with different phase unwrapping
structures. Single- vs multi-frequency approaches (L1 has a higher
power than L2)



signal tracking because of the lower complexity of its data
combination system.

V. CONCLUSION

Phase tracking is a delicate but essential task to obtain
accurate GNSS positioning. In particular cycle slips in
phase-locked loops have a very detrimental effect on the
performance of phase measurement. To avoid cycle slips,
we have proposed in this paper two new PLL structures
that incorporate a multi-frequency phase unwrapping sys-
tem. In both structures, the phase dynamics to be tracked
is decreased via a system of prediction that exploits
frequency diversity either in a centralized or decentralized
approach. Numerical simulations showed that the two
proposed structures offer improved noise robustness by
reducing the loss of lock probability as well as the cycle
slip rate. Interestingly, it was shown that when a multi-
frequency signal is received with different power (with
respect to the frequency), the channel corresponding to
the strongest frequency is able to assist the weakest one.
However, reciprocally, the weakest channel contaminates
the strongest one. Future works will therefore focus on
defining new multi-frequency tracking strategy capable of
weighting the assistance between channels according to
integrity indicator.
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APPENDIX

This Appendix gives the expression of the WRLS
algorithm which allows us to recursively estimate the
coefficient vector bref. Matrices and vectors notations are
the same as previously introduced in section III.

Let us assume that, at the instant N , we have access
to the N × P first loop filter outputs associated with the
N first loop filter outputs of the P PLLs tracking the
multicarrier signal

y1,N =
[
θ̇1[0] . . . θ̇1[N − 1]

]T
...

yP,N =
[
θ̇P [0] . . . θ̇P [N − 1]

]T
.

The estimate of the (M + 1)× 1 coefficient vector bref
N is

b̂
ref
N =

(
HT

NR
−1
N HN

)−1
R−1N H

T
NyN ,

where
yN = [yT1,N , · · · ,yTP,N ]T ,

R−1N =

 R−11,N

. . .
R−1P,N

 ,

HN = ρ⊗GN

whose sizes are respectively NP×1, NP×NP and NP×
(M + 1).

At the instant N+1, if we have access to the (N+1)×P
observations

y1,N+1 =
[
yT1,N , y1,N+1

]T
...

yP,N+1 =
[
yTP,N , yP,N+1

]T
the new estimate of the polynomial coefficients bref

N+1 at
the instant N + 1 is

b̂
ref
N+1 =

(
HT

N+1R
−1
N+1HN+1

)−1
R−1N+1H

T
N+1yN+1,

where

yN+1 = [yT1,N+1, · · · ,yTP,N+1]T ,

= [yT1,N , y1,N+1, · · · ,yTP,N , yP,N+1]T ,

R−1N+1 =


R−11,N

r−11,N+1

. . .
R−1P,N

r−11,N+1

 ,

HN+1 = ρ⊗Gn+1,

GN+1 =

(
GN

gN+1

)
,

with

gN+1 = [1, . . . , NM ].

To recursively estimate the vector bref during the track-
ing, the estimated vector b̂

ref
N+1 has to be calculated as a

function of b̂
ref
N . To do so, we use the WRLS algorithm

that, in our case, is given by two recursive steps (and a
initialization step) detailed hereafter.

0-Initialization (N = Ninit > M )

b̂
ref
Ninit

= (HT
Ninit
R−1Ninit

HNinit)
−1HT

Ninit
R−1Ninit

yNinit

PNinit = (HT
Ninit
R−1Ninit

HNinit)
−1

1-Estimate updating (N ≥ Ninit)

b̂
ref
N+1 = b̂

ref
N +KN+1


 y1,N+1

...
yP,N+1

− ρgN+1b̂
ref
N





with

m−1N+1 = ρT

 r−11,N+1 0
. . .

0 r−1P,N+1

ρ
CN+1 = PNg

T
N+1(mN+1 + gN+1PNg

T
N+1)−1

KN+1 = mN+1CN+1

 r−11,N+1 0
. . .

0 r−1P,N+1


2-Covariance error calculation (N ≥ Ninit)

PN+1 =
(
I −CN+1gN+1

)
PN+1
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