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ABSTRACT

Current GNSS receivers have independent Phase
Locked Loops (PLLs) for each satellite and frequency. The
introduction of new GPS signals on L5 and the develop-
ment of new satellite constellations (Galileo, Compass) in-
creases the number of PLLs and, thus, the probability of a
loss of lock of one PLL. This probability becomes especi-
ally critical during ionospheric scintillations with frequent
deep amplitude fades of more than 20 dB. The outage of
a PLL on one frequency prevents the computation of an
ionosphere-free combination at this instant, and thus, de-
grades the positioning accuracy.

Therefore, a Multi-Carrier, Multi-Satellite Vector-PLL
(MC-MS-VPLL) has been recently suggested to improve
both accuracy and robustness of carrier tracking. The in-
dividual PLLs are coupled by transforming the tracking
errors at the discriminator outputs into a position drift, a
clock drift, ionospheric drifts and tropospheric drifts. The-
se quantities are fed into loop filters whose bandwidths are
adapted to the dynamics of the receiver, of its clock and of
the atmospheric delays. The MC-MS-VPLL assigns a low
weight to satellites during deep amplitude fades and a high
weight for a high power level. This enables robust carri-



er tracking even during severe ionospheric scintillationsas
the stronger signals are helping to track the weaker signals.

There exist two threats of a MC-MS-VPLL that are ad-
dressed in this paper: The first one is ionospheric dispersi-
on within the wideband Galileo E5 signal (51 MHz band-
width) which causes ripples in the code signal and a power
shift in correlation result from the real part to the imagi-
nary part. If no wideband correction is applied, the phase
tracked by an independent PLL is biased by14◦ for 100
TECU, and this bias can not be mapped to the ionosphe-
ric delay tracked by a MC-MS-VPLL. A correction term
is derived for the mitigation of these wideband ionospheric
effects. Secondly, the joint tracking means that any failure
on one or more satellites or frequencies (e.g. phase jump on
satellite clock, low elevation multipath) affects the tracking
of all satellites and frequencies. A Receiver Autonomous
Integrity Monitoring (RAIM) is integrated into the MC-
MS-VPLL to detect and exclude severely biased satellites
from the joint tracking. The weighted sum of squared error
test statistic is computed from the carrier tracking errors
given by the discriminator outputs.

INTRODUCTION

The joint tracking of all satellites goes back to Spilker
who has proposed a Vector Delay Locked Loop (DLL) for
code delay tracking in [1]. The tracking errors were ori-
ginally transformed into a position drift and a clock drift
by weighted least-square estimation which does not con-
sider ionospheric and tropospheric delays and other bia-
ses like multipath as individual parameters. The benefit of
the VDLL is the adaptive weighting of satellites, i.e. the
stronger signals help to track the weaker signals. The vec-
tor tracking of carrier phase is more challenging due to its
higher precision and the existence of an unknown integer
ambiguity for each satellite and frequency.

Zhodzishsky, Yudanov, Veitsel and Ashjaee have first
applied vector tracking to carrier phase in [2]. The tracking
errors at the discriminator outputs were transformed into
position errors and clock drifts by weighted least-square
estimation. The atmospheric delays were not considered
as individual parameters in the filtering which motivated
Zhodzishsky et al. to use both individual and joint loop fil-
ters, and to combine both results in the oscillators. They at-
tempted to separate the parameters by different filter band-
widths, i.e. a large bandwidth was chosen for the position
and clock filters due to its higher dynamics and a small
bandwidth was selected for the individual loop filters. Ho-
wever, the atmospheric errors are also present in the posi-
tion and clock filters, and the position and clock drifts also
occur to a certain degree in the individual filters. Conse-
quently, this “Co-Op tracking” reduces the tracking error
of an individual PLL but is still sub-optimal as the physi-
cally different error sources are not completely separated.

In the MC-MS-VPLL of [3], the authors have coupled

individual PLLs by transforming the tracking errors of the
discriminator outputs into a position drift, a receiver clock
drift, ionospheric delay drifts and a tropospheric zenith de-
lay drift. These quantities are fed into loop filters whose
bandwidths are adapted to the dynamics of the receiver,
of its clock and of the ionospheric and tropospheric de-
lays. Note that the MC-MS-VPLL is not limited to mea-
surements from a single constellation. The joint tracking
of satellites from multiple constellations further improves
the tracking performance as position drift, clock drift and
tropospheric zenith delay drift are equal for all constella-
tions. The MC-MS-VPLL can also be extended to include
measurements from several antennas.

The objectives of this paper are two-fold: First, two stra-
tegies are proposed to mitigate the wideband ionospheric
effects that have been analysed by Gao et al. in [4]. Both
require an estimate of the ionospheric delay which is not
biased by wideband ionospheric effects. The ionospheric
dispersion within the E5 band results in a complex cor-
relation result which shifts the phase but does not cause
an additional delay in the estimated code delay. Thus, the
intra-band ionospheric dispersion differs from the classi-
cal code-carrier divergence which motivates the compu-
tation of the ionospheric delay from a linear combination
of code measurements. The estimated ionospheric delay at
a given reference frequency enables the computation of a
phase shift for each frequency, and thus the equalization of
wideband ionospheric effects in frequency domain. This
method requires an FFT of the downconverted signal and
an IFFT after the application of the wideband correction.
Alternatively, the phase correction can be determined from
a look-up table and applied before the tracking, which im-
proves the efficiency of the first method as it does not re-
quire the FFT and IFFT. It is shown that the phase correcti-
on increases linearly with the TEC, and that the gradient of
the phase correction w.r.t. TEC equals8◦/100 TECU for
a bandwidth of30 MHz and14◦/100 TECU for a band-
width of 50 MHz. These rather low gradients indicate that
a rough estimate of TEC (+/-5 TECU) is sufficient to cor-
rect wideband ionospheric effects.

The second threat of a VPLL (multipath and other failu-
res affecting a subset of satellites or frequencies) requires
the integration of a fault detection method. The weighted
RAIM of Walter and Enge [5] has been chosen due to its
efficiency. Large phase jumps on one or more satellites re-
sult in an unstable behaviour of the MC-MS-VPLL as the
phase errors can not be mapped into one of the tracked
parameters (position, clock drift, ionospheric and tropos-
pheric delays). Another error might occur in the weigh-
ting matrix which partially compensates the gain obtained
from the joint tracking. It is shown that the MC-MS-VPLL
achieves a lower tracking error than independent tracking
loops even if the low elevation satellites suffer from an up
to five times larger standard deviation than considered in
the weighting matrix. For fault detection, a Weighted Sum



of Squared Error (WSSE) test statistic is computed from
the range residuals using the discriminator outputs. This
WSSE is related to the average WSSE in the absence of
biases, e.g. due to multipath. The ratio is called WSSE am-
plification due to multipath and it enables the detection of
a failure if a predefined threshold is exceeded. It is shown
that the WSSE is very sensitive to multipath and that the
WSSE amplification is substantially larger than the ampli-
fication of the standard deviation of the estimated phase.
Therefore, a failure can already be detected when the be-
nefit of joint tracking is still larger than the degradation due
to an erroneous weighting matrix. WSSE amplification of
up to 100 has been observed for severe multipath from a
single reflector. Moreover, protection levels are computed
from the discriminator outputs in the presence of multiple
biases. The HPL and VPL depend on the largest position
biases that do not exceed the threshold of the WSSE test
statistics for a given probability of false alert.

PRINCIPLES OF VECTOR PHASE LOCKED LOOP

Fig. 1 shows the functional diagram of a Multi-
Carrier Single-Satellite (MC-SS)-VPLL. The received si-
gnalrm(ti) on frequencym ∈ {1, . . . ,M} at time instant
ti is modeled in baseband as

rm(ti) = x(t̃m − τm) · e−jφm(ti) + ηm(ti), (1)

with the code signalx(t̃m − τm), the code delayτm,
the received phaseφm(ti) and the noiseηm(ti). The re-
ceived signal is multiplied by the oscillator generated si-
gnal ejφ̂m(ti), and correlated with a local copy of the co-
de signalx(t̃m − τ̂m). The non-linear discriminators (see
Kaplan and Hegarty [6]) extract the carrier tracking errors
∆φm(ti) = φm(ti) − φ̂m(ti) from the correlation result.
The tracking errors are modeled as
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the ratio of frequenciesq1m = f1/fm and∆ε = N (0,Σ).
The range error∆r̃(ti) including all non-dispersive error
sources (e.g. clock offsets and tropospheric delay) and the
ionospheric error∆I(ti) at a reference frequency are de-
termined from the discriminator outputs by weighted least-
square estimation, i.e.

[
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with

S =
(

XT
Σ

−1X
)−1

XT
Σ

−1. (5)

The estimates∆ˆ̃r(ti) and∆Î(ti) are filtered byF , then
transformed back into phase tracking errors byX, and ac-
cumulated over time to obtain the phasesφ̂m(ti).

This MC-SS-VPLL and a more generalized Multi-
Carrier, Multi-Satellite (MC-MS)-VPLL have been propo-
sed by Henkel, Giger and Günther in [3]. It substantially in-
creases the robustness of carrier tracking over jamming, io-
nospheric scintillations and carrier phase multipath. It can
achieve the same tracking error as an individual PLL but at
a more than 10 dB lower carrier to noise power ratio. It is
recommended to initialize any VPLL by independent PLLs
to avoid the estimation of phase biases and integer ambi-
guities. Therefore, the switches in Fig. 1 are first brought
in the upper position. As soon as the phases on two fre-
quencies are locked, the joint tracking is turned on.

Fig. 2 shows a MC-MS-VPLL where the code correla-
tion has been omitted to simplify the notation. An ortho-
gonal projection is applied to the carrier tracking errors to
eliminate the clock drift, the ionospheric and troposphe-
ric delays. Let us introduce the following matrices for the
mapping of the position, clock offset, ionospheric delays
and tropospheric wet zenith delay into range domain:

Xx = 1
M×1 ⊗

[

e(1),T , . . . , e(K),T
]T

Xδτ = 1
KM×1

XI =
[

q211, . . . , q
2
1M

]T ⊗ 1
K×K

XT = 1
M×1 ⊗

[

m(1)
w , . . . ,m(K)

w

]T

, (6)

with the Kronecker product⊗, the unit vectorse(k) poin-
ting from satellitek ∈ {1, . . . ,K} to the receiver, and
the mapping functionmw for the tropospheric zenith de-
lay. The matrices of the nuisance parameters are combined
to

Xx = [Xδτ ,XI ,XT ], (7)

and an orthogonal projector is computed for the position:

P⊥
Xx

= 1
KM×KM − Xx

(

XT
x Σ

−1Xx

)−1

XT
x Σ

−1,

(8)
which eliminates the drifts of the clock offset and atmo-
spheric delays. The least-square estimate of the position
drift has been determined by Teunissen in [7] as

∆x̂ = P x∆φ =
(

X
T

x Σ
−1Xx

)−1

X
T

x Σ
−1∆φ, (9)

with Xx = P⊥
Xx

Xx. The estimated position is filtered
and transformed back to a phase tracking error which is
then accumulated over time. Orthogonal projections can
be derived in a similar way for the drifts of the receiver
clock and atmospheric delays. The loop filters are adapted
to the dynamics of the tracked parameters, and the tracked
phases are recovered at the output of the MC-MS-VPLL.
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IMPACT OF IONOSPHERIC WIDEBAND EFFECTS
ON CARRIER PHASE

The Galileo E5 signal has a bandwidth of51 MHz which
is more than25 times the bandwidth of the GPS C/A co-
de and results in a substantial reduction of the noise le-
vel. However, Gao et al. have shown in [4] that the ionos-
pheric dispersion within wideband Galileo signals is not
negligible. It causes ripples in the code signal that result
in a power shift in correlation result from the real part
to the imaginary part. If no wideband correction is app-
lied, the phase tracked by an independent PLL is biased by
14◦/100 TECU.

The dispersive ionosphere delays the transmitted base-
band signals(t) which results in a phase shift in frequency
domain. The distorted signal is obtained using the Fourier
transform and its inverse, i.e.

s̃(t) =

+∞
∫

−∞

+∞
∫

−∞

s(t)e−j2πftdt · e−j2πf ·τ(f) · ej2πftdf,

(10)
with

τ(f) =
40.3 · TEC

f2 · c , (11)

whereTEC represents the total electron content. In practi-
ce, measurements are sampled att = kT and the frequency
is discretized tof = f0 + n

NT with the carrier frequency
f0, the number of samplesN , the sampling intervalT and
n =

[

−N−1
2 , N−1

2

]

. Therefore, the time-continuous signal
is replaced by a time-discrete signal and the DFT/ IDFT are
considered instead of the Fourier transform for continuous
signals, i.e.

s̃[k] =
1

N

N−1
2
∑

n=−N−1
2

S̃[n] · ej2π kn
N

=
1

N

N−1
2
∑

n=−N−1
2

S[n] · SI[n] · SF[n] · ej2π kn
N , (12)

whereS[n] is the Fourier transform of the transmitted si-
gnal, i.e.

S[n] =

N−1
∑

k=0

s[k] ·e−j2π kn
N =

N−1
2
∑

k= N−1
2

s[k] ·e−j2π kn
N , (13)

andSI[n] is the Fourier transform of the ionospheric delay,
i.e.

SI[n] = exp

(

−j2π n

NT
· 40.3 · TEC
(

f0 + n
NT

)2 · c

)

, (14)

andSF[n] is the Fourier transform of the low pass filter in
the receiver, i.e.

SF[n] =

{

1 if | n
NT | ≤ BW

0 else
, (15)

with receiver bandwidthBW. Fig. 3 shows a functional
diagram for the generation of wideband ionospheric ef-
fects.
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Fig. 3 Generation of wideband ionospheric effects: An in-
dividual phase shift is computed for each frequency.

0 5 10 15 20
−1.5

−1

−0.5

0

0.5

1

1.5

Time [chips]

S
ig

na
l w

ith
 d

is
pe

rs
iv

e 
io

no
sp

he
re

(a) E5a BPSK signal with 20 MHz bandwidth

0 5 10 15 20
−1.5

−1

−0.5

0

0.5

1

1.5

Time [chips]

S
ig

na
l w

ith
 d

is
pe

rs
iv

e 
io

no
sp

he
re

(b) E5a BPSK signal with 50 MHz bandwidth

Fig. 4 Signal distortion by wideband ionospheric effects
(100 TEC) and different filter bandwidths.



Fig. 4 and 5 show the impact of the receiver bandwidth
on the signal deformation of the BPSK modulated E5a si-
gnal. The signal that is not affected by the ionosphere is
depicted as a reference in blue. The dispersive ionosphere
delays the signal (100 TECU) and shifts some power from
the real part (shown in red) to the imaginary part (shown in
green). ForBW = 20 MHz, the ripples due to the Gibb’s
phenomenon are dominating over the ripples due the io-
nospheric dispersion within the E5a band. The degradation
of correlation and tracking results remains negligible for
this modulation and bandwidth. Increasing the bandwidth
reduces the Gibb’s phenomenon but increases the ionos-
pheric dispersion. For the real part of the signal, the smal-
lest ripples can be observed for a bandwidth of75 MHz.
For the imaginary part of the signal, the amplitude of the
ripples increases monotonously with the bandwidth.
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(b) E5a BPSK signal with 100 MHz bandwidth

Fig. 5 Signal distortion by wideband ionospheric effects
(100 TEC) and different filter bandwidths: Increasing the
bandwidth reduces the Gibb’s phenomenon but increases
the ionospheric dispersion.

Fig. 6 shows that the ionospheric dispersion is much mo-
re critical for the AltBOC E5 signal as a significant part of
the power is allocated at the edges of the E5 band which
has a bandwidth of50 MHz.

0 2 4 6 8 10
−1.5

−1

−0.5

0

0.5

1

1.5

Time [chips]

E
5 

si
gn

al
 w

ith
 d

is
pe

rs
iv

e 
io

no
sp

he
re

(a) E5 AltBOC signal: real part
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(b) E5 AltBOC signal: imaginary part

Fig. 6 Signal distortion by wideband ionospheric effects
for 100 TECU: The degradation of the AltBOC signal is
significantly stronger than of the BPSK(10) signals.

The Gibb’s phenomenon is also more pronounced due to
the use of a subcarrier which increases the number of chip
transitions. Thus, the chips can no longer be recognized
from the degraded signal shape.

The wideband ionosphere also degrades the correlation
result which is obtained from Fig. 1 as

R(∆τm) · e−j∆φm(ti), (16)

with the code correlation function

R(∆τm) =
1

Ti

∫ Ti

0

x(t̃m − τm) · x(t̃m − τ̂m)dt̃m, (17)



where∆τm = τm− τ̂m. The correlation functionR(∆τm)
is real-valued if there is no ionospheric dispersion within
the band. For the GPS signals,R(∆τm) can be assumed
real-valued as the intra-band ionospheric dispersion is ne-
gligible. Clearly, this is not the case for the wideband Gali-
leo E5 signal which results in a complex correlation func-
tion that is written as

R(∆τm) = R0,m · ej∆φ̃m(∆τm). (18)

As the discriminator can not distinguish between∆φm and
∆φ̃m, the tracked phase is biased by∆φ̃m(∆τm). The co-
de delay∆τm is determined such that the real part of the
correlation result is maximized. Thus, the PLL tracking er-
ror is given by

∆φ̃m(∆τm,max) = atan

(ℑ (R(∆τm,max))

ℜ (R(∆τm,max))

)

(19)

with

∆τm,max = argmax
∆τm

ℜ (R(∆τm)) . (20)

Fig. 7a shows a reduced real-valued correlation peak for
the AltBOC E5 signal as some part of the power is shifted
from the real part to the imaginary part. Moreover, the cor-
relation function is smoother compared to a non-dispersive
ionospheric delay. The temporal shift of the correlation
function corresponds to the ionospheric delay on the car-
rier frequency, i.e. the dispersion within the E5 band does
not cause any additional delay for the code measurements.

The maximum phase tracking error of Eq. (19) is shown
for differentTEC values and filter bandwidths in Fig. 7b.
∆φ(∆τm,max) increases linear withTEC but remains less
than 0.5◦ for the E5a/E5b signals even during an active
ionosphere. However, a phase offset of15◦ can be obser-
ved for AltBOC(15,10) tracking during normal ionosphe-
ric conditions and of up to70◦ during ionospheric storms.

COMPENSATION OF WIDEBAND IONOSPHERIC
EFFECTS

The correction of wideband ionospheric effects requires
an estimatêI of the ionospheric delay that is not biased by
wideband effects. As the intra-band ionospheric dispersion
does not change the code delay,Î can be obtained by com-
bining the E1 and E5 code measurements in a geometry-
free, ionosphere-preserving linear combination. The recei-
ved signals̃[k] of Eq. (12) is corrected in frequency do-
main, i.e.

ŝ[k] = F−1
(

S∗

Î
· F(s̃[k])

)

, (21)

whereF denotes the discrete Fourier transformation given
by Eq. (13) andS∗

Î
is the conjugate complex of Eq. (14).

An accuracy of2 m for Î is sufficient to suppress the phase
bias due to wideband ionospheric effects to less than1◦.
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Fig. 7 Impact of wideband ionospheric effects on correla-
tion and carrier tracking: The wideband ionosphere shifts
some power from the real part to the imaginary part and
smoothes the correlation function. The phase change at the
PLL output increases linear with TEC.

This method requires an FFT of the downconverted si-
gnal and an IFFT after the application of the wideband cor-
rection. Alternatively, a phase correction can be determi-
ned from a look-up table (e.g. Fig. 7b) and applied before
tracking. The equalization in frequency domain is omitted,
which improves the efficiency of this method as it does not
require the FFT and IFFT.

INTEGRATION OF RAIM IN THE VECTOR PHASE
LOCKED LOOP

Henkel, Giger and Günther have shown in [3] that the
MC-MS-VPLL can substantially reduce the tracking er-
rors of independent tracking loops. A drawback of the joint
tracking of all satellites and frequencies is its susceptibility



to a failure on one satellite or frequency which also affects
the tracking of all other satellites and frequencies. There-
fore, the Weighted Receiver Autonomous Integrity Moni-
toring (RAIM) of Walter and Enge [5] shall be integrated
into the VPLL for the detection and exclusion of measu-
rements that are affected by satellite anomalies (e.g. phase
jumps on satellite clocks) or severe multipath.

Fig. 8a shows the temporal evolution of the tracking er-
ror before and after a90◦ phase jump on one satellite. This
phase jump can not be mapped to the tracked position,
clock offset or atmospheric delays. Therefore, an instabi-
lity can be observed on all satellites after the phase jump.
The assumed satellite geometry and the selected satellites
are depicted in the skyplot. Another threat of the MC-MS-
VPLL is an erroneous weighting matrixΣ. Fig. 8b shows
a slight increase in the tracking error if the two satellites
of lowest elevation are affected by a five time larger noise
level than considered inΣ. However, the joint tracking still
provides significantly lower tracking errors than indepen-
dent PLLs during deep amplitude fades. Note that the tem-
poral variations in the standard deviation of the tracking
error are caused by strong ionospheric scintillations with
an intensity index ofS4 = 1.0. Amplitude scintillations
have been generated independently for each satellite. For a
more detailed description of the implemented ionospheric
scintillation model, the reader is referred to Pullen et al.
[8]. Seo et al. have recently analyzed the characteristics of
deep GPS signal fading due to ionospheric scintillations in
[9].

In the VPLL of Fig. 1, the discriminator outputs provide
the tracking errors∆φ = [∆φ1, . . . ,∆φM ]T that are used
for RAIM. Weighted range residuals are evaluated to ana-
lyze the modeling accuracy of∆φ and to detect failures,
i.e.

r = (1− X(XT
Σ

−1X)−1XT
Σ

−1)∆φ, (22)

with X given by Eq. (3). The range residuals are combined
in a weighted sum of squared errors (WSSE) test statistic
that is defined as

WSSE = rT
Σ

−1r, (23)

which can be rewritten as

WSSE = trace
(

rT
Σ

−1r
)

= trace
(

rrT
Σ

−1
)

= trace
((

1 − X(XT
Σ

−1X)−1XT
Σ

−1
)

∆φ

∆φT
(

1 − X(XT
Σ

−1X)−1XT
Σ

−1
)T

Σ
−1

)

(24)

If ∆φ can be modeled as in Eq. (2) and∆ε ∼ N (0,Σ),
theWSSE is χ2 distributed withMK − 3− 1−K − 1 =
(M −1)K−5 degrees of freedom. The number of degrees
of freedom is also the mean of theWSSE distribution.
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(b) Erroneous weighting matrix for VPLL

Fig. 8 Two threats of a MC-MS-VPLL: A sudden phase
jump on one satellite results in an instability of the joint
tracking. An erroneous weighting reduces the benefit of
joint tracking but still benefits from lower tracking errors
than individual PLLs.

An erroneous weighting matrix, phase jumps and severe
multipath amplify theWSSE which motivates the intro-
duction of theWSSE amplification factor, i.e.

AWSSE =
1

(M − 1) ·K − 5
· WSSE. (25)

Fig. 9 shows how muchσk
φ̂

is scaled for a VPLL w.r.t.
an independent PLL. The two satellites of lowest elevati-
on are characterized by a standard deviationσφ that isγ
times larger than considered in the weighting matrix. For
γ ≤ 4.5, the benefit of joint tracking is larger than the
degradation due to a biased covariance matrix. Ifγ is in-
creased beyond this threshold, more and more satellites are
tracked with an error that is larger than in the case of inde-
pendent PLLs. Fig. 9 also includes theWSSE amplificati-
on that increases faster withγ thanσφ̂. The fault detecti-



on is based on a comparison between theWSSE and the
thresholdWSSEth that is given by the probability of false
alarmPFA = P (WSSE(γ = 1) > WSSEth) = 10−7.
For a MC-MS-VPLL withM = 3 andK = 8, there
exist11 degrees of freedom which results in the threshold
WSSEth = 54.4. TheWSSE exceeds this threshold with
a probability of45.5% for γ = 5, of 77.9% for γ = 7.5,
and of90.9% for γ = 10.
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Fig. 9 Detection of erroneous weighting matrix from
WSSE amplification: Forγ ≤ 4.5, the benefit of joint
tracking is still larger than the degradation due to an er-
roneous weighting.

Fig. 10 shows theWSSE amplification as a function of
the scaling ofσφ̂. In the upper subfigure, the two satellites
of lowest elevation are affected byγ ∈ [1, 10] and, in the
lower subfigure, the two satellites of highest elevation suf-
fer from an enhanced noise level. In both cases, theWSSE
amplification exceeds theσφ̂ amplification and tends to be
larger for high elevation satellites than for low elevationsa-
tellites. Note that theσφ̂ amplification of the critical satel-
lites converges to a certain value as the scaling ofγ affects
both the MC-MS-VPLL and the independent PLL.

The WSSE test statistic is also used to detect carrier
phase multipath. In [10], Georgiadou and Kleusberg ha-
ve determined the phase bias due to multipath from multi-
ple reflections for a baseline of24 m: They computed the
geometry-freeλ1φ1 − λ2φ2 linear combination and sub-
tracted the mean of this linear combination to eliminate the
integer ambiguities. They repeated this experiment on the
next day at the same time and observed an impressive cor-
relation between both geometry-free combinations. Their
model for multipath with multiple reflections is briefly in-
troduced here and then used for the MC-MS-VPLL. The
sum of the direct and all reflected signals is described by

s = A cos(φ) +A

nr
∑

i=1

αi cos(φ+ θi), (26)

with the amplitudeA and phaseφ of the direct signal, the
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(b) Erroneous weighting of high elev. sat.

Fig. 10 Detection of erroneous weighting matrix from
WSSE amplification: The WSSE increases much faster
thanσφ if the error in the weighting is increased.

fading coefficientαi and the phase offsetθi of thei-th re-
flected path. Equation (26) can also be written as

s = Aβ cos(φ+ ψ), (27)

with

β =

√

√

√

√

(

1 +

nr
∑

i=1

αi cos(θi)

)2

+

(

nr
∑

i=1

αi sin(θi)

)2

(28)

and

ψ = arctan









nr
∑

i=1

αi sin(θi)

1 +
nr
∑

i=1

αi cos(θi)









. (29)

Fig. 11 shows theWSSE amplification for a dual frequen-
cy (E1-E5a) MC-MS-VPLL during strong multipath from



a single reflector. It is assumed that only the two satelli-
tes of lowest elevation are affected by multipath on both
frequencies but all satellites are affected by severe ionos-
pheric scintillations(S4 = 1.0).
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Fig. 11 Detection of carrier phase multipath (αi = 0.9)
from WSSE amplification during severe ionospheric scin-
tillations (S4 = 1.0): Phase offsets that result in large
WSSE amplification can be easily detected. If the multi-
path induced delays show the same behaviour as the ionos-
pheric delays, no WSSE amplification is observed and the
joint tracking is not deteriorated.

TheWSSE amplification is negligible for the phase off-
setsθ = ±π which result in a power loss but no phase
bias. A low power turns into a low weight in the MC-MS-
VPLL which compensates these power fades with the help
of other satellites and frequencies. No WSSE amplificati-
on is also observed ifθE5 = f2

E1/f
2
E5 · θE1. In this case,

the multipath is mapped to the ionospheric delay which is
a tracked parameter and does not cause aWSSE amplifi-
cation. The largestWSSE occurs forθE5 = ±130◦ and
θE5 = −θE1, which corresponds to a phase offset of90◦

between both reflections. However, such a multipath is al-
so not critical as it can be easily detected from the large
WSSE amplification. The reliability of multipath detection
becomes critical only forAWSSE < 10. The fault detection
capability improves for less intense ionospheric scintillati-
ons due to the reduced number of deep amplitude fades.

RAIM WITH MULTIPLE FAULTS

Multipath can affect the tracking of multiple satellites
and requires fault detection in the MC-MS-VPLL. Walter
and Enge have derived protection levels for single satelli-
te failures in [5] and Angus has generalized this approach
to multiple faults in [11]. His approach is briefly introdu-
ced and then applied to the carrier tracking errors that are
provided by the phase discriminators. TheMK × 1 bias

vectorb is written as

b = Qb∗, (30)

whereb
∗ denotes anr × 1 non-zero bias vector andQ is

anMK × r matrix that maps the non-zero bias values to
the measurements. The most critical bias vector maximizes
the position bias under the constraint that the test statistic
does not exceed the thresholdWSSEth, i.e.

max
Q∈Qr

max
b∗,b∗T QT SQb∗=WSSEth

√

b∗T QT DQb∗, (31)

which also maximizes the square of the horizontal or ver-
tical position bias. If the horizontal direction is chosen,D

is given by

DH = Σ
−1X

(

XT
Σ

−1X
)−1

P T
h

P h

(

XT
Σ

−1X
)−1

XT
Σ

−1 (32)

with P h = [12×2,02×3+K ]. The maximum vertical bias
is obtained similarly as

DV = Σ
−1X

(

XT
Σ

−1X
)−1

P T
v

P v

(

XT
Σ

−1X
)−1

XT
Σ

−1 (33)

with P v = [0, 0, 1,01×2+K ]. The optimization of (31) is
an eigenvalue problem which can also be expressed as

max
x6=0

xT Ax

xT x
= λmax, (34)

whereλmax is the largest eigenvalue ofA that is given by

A = QT DQ
(

QT SQ
)−1

. (35)

The position biases
√
λmax are included in the protection

levels that are given by Angus as

HPL = max
Q∈Qr

√

λmax(Dh,Q,S) · WSSEth

+kh ·
(

[

(

XT
Σ

−1X
)−1

]

1,1

+

[

(

XT
Σ

−1X
)−1

]

2,2

)1/2

, (36)

and

VPL = max
Q∈Qr

√

λmax(Dv,Q,S) · WSSEth

+kv ·
√

[

(

XT
Σ

−1X
)−1

]

3,3

. (37)
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Fig. 12 Protection levels based on carrier tracking errors
of the discriminator outputs for a probability of false alert
of 10−6: The temporal variations are caused by strong io-
nospheric scintillations withS4 = 1.0. In addition, two
satellite failures can be protected with a protection levelof
at most 60 cm.

Fig. 12 shows the horizontal and vertical protection le-
vels for a triple frequency MC-MS-VPLL that tracks the
position, the receiver clock offset, the ionospheric and tro-
pospheric delays. The same geometry has been considered
as in Fig. 8-10. The covariance matrix is computed from
the standard deviations of the carrier tracking errors at the
discriminator outputs. A VPL of at most30 cm is observed
for single failures and of up to60cm for two failures during
severe ionospheric scintillations withS4 = 1.0.

CONCLUSIONS

A multi-carrier, multi-satellite vector phase locked loop
couples the individual tracking loops by performing the
filtering in position domain. The drifts in position, clock
offset, ionospheric and tropospheric delays are obtained
from the tracking errors by weighted least-square estimati-
on. The joint tracking reduces the tracking errors efficient-
ly as the stronger signals help to track the weaker ones.

In this paper, two extensions have been proposed for the
vector phase locked loop: The first one is a correction of
wideband ionospheric effects that can result in phase bia-
ses of up to70◦ for the wideband Galileo E5 signal. The
second one is the integration of a weighted RAIM for the
detection and exclusion of biased measurements from the
joint tracking. Both extensions are recommended to benefit
from the advantages of joint tracking.
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