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Abstract

For satellite based navigation within maritime applications, the IMO defines requirements for further GNSS
systems (IMO, 2002). In order to meet e.g. the demands for automatic docking (absolute accuracy: 0.1 m
horizontal, integrity: 0.25 m Alert Limit, 10 s Time to Alarm, 10E-5 Integrity Risk (per 3 h), accurate code
and phase measurements are essential. As these measurements are distorted by effects of various error
sources, efficient error detection and correction are of main interest. This paper presents the idea of describing
the influence of error sources in both, time and frequency domain to derive a competent basis for evaluating
the signal’s quality and detecting outliers. This offers a fundament for signal classification (usable, unusable),
prediction of signal states and error correction and thus the compliance with the given requirements. First
a description of the used analysis method, the Hilbert Huang Transform is given. By means of data recorded
at Tromsoe/Norway and Rostock/Germany, first results are discussed.

Stowa kluczowe: systemy satelitarne, przetwarzanie sygnatow

Abstrakt

Nawigacja satelitarna uzywana na statkach morskich musi spetnia¢ wymagania okreslone przez Migdzynaro-
dowg Organizacje¢ Morska [1]. Doktadne kodowanie oraz pomiar faz sa niezbedne do spetnienia wymagan np.
automatycznego dokowania (catkowita doktadno$é: 0,1 m w poziomie, integralno$é: 0,25 m warto$é do zgto-
szenia alarmu (Alert Limit), 10 s — czas do zgloszenia alarmu (Time to Alarm), 10E-5 — ryzyko wiarygodno-
$ci (Integrity Risk) — na 3 h. Pomiary te znieksztalcone sg poprzez dziatanie r6znych Zrodet btedow. Glowne
zainteresowanie skupia si¢ na skutecznym wykrywaniu i korekcji tych bledow. W artykule przedstawiono
ide¢ opisujaca wptyw zrédet bledow w domenach czasu i czestotliwosci w celu uzyskania wlasciwej podsta-
wy do oceny jakosci sygnatu i wykrywania wartosci nietypowych. Umozliwia to stworzenie podstaw do kla-
syfikacji sygnatu (uzyteczny, nieuzyteczny), przewidywania stanow sygnatu i korekcji bledow, a tym samym
zgodno$¢ ze stawianymi wymogami. W pierwszej czgsci artykutu przedstawiona zostata transformacja Gil-
berta Huang oraz zaprezentowano pierwsze wyniki na podstawie danych zarejestrowanych w Tromsoe (Nor-
wegia) i w Rostoku (Niemcy).

Introduction

The paper concentrates on the characterisation
of ionosphere induced signal variations and on the
signal variations caused by multipath propagation
effects. For this reason high-rate (20-50 Hz) dual
frequency GPS code and phase measurements have
been analysed. The first data sets used for this
study, have been recorded in Tromsoe (Norway)
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during the so called “Halloween Storm”, a severe
ionospheric storm (Dst-Index up to — 383 nT, [2])
occurred from 29™ October to 31% October 2003,
and under nearly unperturbed conditions on 7"
November, 2003.

The second data sets have been recorded in the
port environment of Research Port Rostock on 30"
January and 31* January 2007. As the receiver has
been set close to a ferry terminal (fig. 1) signals
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of satellites in low elevations are influenced by
multipath propagation effects.

Fig. 1. Test and measurement car at ferry terminal in Research
Port Rostock. In the background a ferry is docking

Rys. 1. Samochéd z aparaturg pomiarowg na terminalu pro-
mowym w porcie Rostok. W tle dokujacy prom

The next chapter will introduce in the used
analysis method, the Hilbert Huang Transform.
Chapter 3 will describe the analysed signals and
present first results.

Hilbert Huang Transform Basics

The Hilbert Huang Transform was published in
1998 [3]. It combines the Empirical Mode
Decomposition (EMD) and the Hilbert Transform
(HT). First the EMD decomposes the original
signal in magnitude and frequency varying
exponentials, so called Intrinsic Mode Functions”
(IMFs), via a sifting process. In a second step the

Empirical Mode Decompaosition

The base of this decomposition is the assump-
tion, that the signal is a superposition of a finite
number of monochromatic oscillations, whereas
they may vary in magnitude and frequency over
time. These oscillations are called Intrinsic Mode
Functions (IMF). In order to be monochromatic an
IMF has to fulfil to properties:

1) the IMF has zero local mean.
2) the function has exactly one zero between any
two consecutive local extremes.

Within the following iterative algorithm (fig. 2,
top) the signal is decomposed in its IMFs, whereas
the extraction of an IMF is realized as described in
(fig. 2, bottom).

It has already been shown, that the EMD
operates as filter bank [4]. First the higher frequent
parts are extracted, followed by IMFs with lower
frequencies. The last IMF represents the trend. Fig.
3 shows an example.

The original signal (top) is decomposed in 10
IMFs by the method. These IMFs are also
represented in figure 3 (bottom). The IMFs are
sorted from top to bottom in the order how they
were extracted. As it can be seen, the first extracted
IMF (top) is the highest frequent component,
followed by less frequent IMFs. The last extracted
IMF (bottom) represents the trend.

Hilbert Transform

After having decomposed the signal in its IMFs,

instantaneous  frequencies of these mono- in the second part of the Hilbert Huang Transform
components are extracted by HT. the instantaneous frequencies and their magnitudes
2(t) . rest already trend Y& | rest = last IMF
—> rest=z(t) [T extract ith IMF 14y} ot = rest-x; (t) [~ (number of max > all IMFs (xi(t))
(x; (t)) from rest and min < 2) ? extracted
A
no \
rest Find all Maxima |nterpo|qte_ between lv_laxima Calculate the local mean (m(t))
| Xi (t) = rest > and Minima of x; (t) ] and Minima respectively L between the Maximum
' (Envelope Calculation) and Minimum Envelope

A

no

X (t) already an IMF ? Xi (t) =% () — m(t)

X (t) >

yes

Fig. 2. EMD-Algorithm (top) and Algorithm of IMF Extraction (bottom, red box on top)
Rys. 2. Algorytm EMD (na gérze) oraz algorytm IMF Extraction (na dole i zaznaczony kwadrat na gorze)
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are determined. Therefore for each IMF x;(t) an
analytic signal z; (t) is created, with the IMF as real
part and the IMF’s Hilbert Transform H(x;(t)) as
imaginary part. This analytic signal has a spectrum
equal to zero for negative frequencies and fits with
the spectrum of the IMF for positive frequencies.
By evaluating the phasor information of the ana-
lytic signal, the IMF’s instantaneous frequency
a; (t) and its magnitude a; (t) can be calculated.

z,(t) = x,(t) + jH(x,(t)) = a,(t) e’
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Fig. 3. Example of a signal (top) and its IMFs (bottom).
The IMFs are shifted for a better representation since they are
all zero-mean (except the trend)

Rys. 3. Przyktad sygnatu (na goérze) oraz jego IMF (na dole).
IMF zostaly przesunigte w celu lepszego przedstawienia
(z wyjatkiem trendu)

Data analysis results

lonospheric influence

In order to describe the ionospheric influence on
the data, the interfrequency difference of the phase
measurements on L1 and L2 [m] has been analysed.
This interfrequency difference consists of a con-
stant term C,, the interfrequency ionospheric delay
difference (I—1;), the interfrequency multipath
difference (dm,—dm;) and measurement noise

(e-a) [5].
L,t)- L) =C, —{l, - I,} +{0m, —om} + &, — &
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First of all general information of the energy
of each IMF and the frequency of each IMF are
collected. These information shall be used for
a description of the regular behaviour of the L2-L1-
-difference as function of e.g. elevation. In order
to provide a large data base, the L2-L1-difference
has been calculated for every satellite. Next the
difference has been split in one minute intervals
and decomposed afterwards. For these intervals the
energy and frequency values of each IMF have
been analysed. For all these values the median
frequency, median period and median energy per
IMF have been determined. As a result a descrip-
tion of the regular behaviour of L2-L1-difference
can be derived and outliers can be detected. For
first analyses data recorded on 3 days, 30" and 31%
October 2003 and 7™ November 2003 in Tromsoe/
Norway during and shortly after high ionospheric
activities have been used.

As an example, the data of the 31% October are
presented and the elevation dependency is analysed.
The results are shown in figure 4.

12

10- 3

8k . . 4

In(E/EIMF1 3110)

2t s .

o-Median 31.10.2003 0°-20°
°Median 31.10.2003 20°-40°
> Median 31.10.2003 40°-70°

2 3 4 5 6

R i © I 1
% 3 2 -1 0 1
InT [s]

Fig. 4. Median Energy as a function of Median Period of an
IMF depending on the elevation, 31* October, decomposition
in 8 IMFs. The values of the last IMF are not plotted. The
energy is normalized on the median energy of the first IMF
calculated from the data of all elevations on 31* October 2003
Rys. 4. Srednia energia jako funkcja $redniego okresu IMF
W zaleznoséci od wzniesienia, 31 pazdziernika, rozktad na 8
IMF. Wartosci ostatniego IMF nie zostaly naniesione na rysu-
nek. Energia jest znormalizowana w $rodkowej energii pierw-
szego IMF, obliczone na podstawie danych dla wszystkich
wzniesien 31 pazdziernika 2003 r.

For all IMFs it can be stated that the lower the
elevation the higher the energy. This results from
the fact that the propagation path is longer in lower
elevations and that’s why the influence of
ionosphere and multipath is stronger. Additionally
it is to be seen, that in high elevations the energy is
decreasing in the first IMFs (hence behaves like
white noise [4, 6] and increasing in the last IMFs,
whereas in low elevations (expect for the first IMF)
the energy is increasing from IMF to IMF for all
IMFs. This may be explained by the fact, that in
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high elevations multipath effects can be excluded
and only the ionospheric influence (considered as
low frequent) and measurement noise are left. In
low elevations multipath effects are present and
interfere with the ionospheric effects. The results
remain the same for all the other days. Due to the
fact, that the data on 30" October were recorded
during strong disturbed ionospheric conditions,
whereas the ionosphere on 31% October calmed
down and was nearly unperturbed on 7" November
it is attended, that there is at least a difference
between the median energy of the IMFs on
different days. Fig. 5 shows the elevation
independent results. The median energy of the first
two IMFs as well as the median energy of the last
three IMFs (without trend) is increased on 30"
October, especially the latter. A second effect is the
difference in the median period of the last IMFs. It
is higher on the perturbed 30" October.
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Fig. 5. Median Energy as a function of Median Period of an
IMF depending on the day, decomposition in 8 IMFs, elevation
independent. The values of the last IMF are not plotted. The
energy is normalized on the median energy of the first IMF
calculated from the data on 31% October

Rys. 5. Srednia energia jako funkcja $redniego okresu IMF
w zaleznosci od dnia, rozktad na 8 IMF, wzniesienie niezalez-
ne. Wartosci ostatniego IMF nie zostaty naniesione na rysunek.
Energia jest znormalizowana w $rodkowej energii (lub
0 $redniej energii) pierwszego IMF, obliczone na podstawie
danych z 31 pazdziernika 2003 r.

Since a median value itself does not provide
enough information concerning conclusion on
normal behaviour and detection of outliers,
additionally 2-dimenional Box-and-Whisker-Struc-
tures were calculated for the median values of
period and energy of a certain decomposition
number. They provide a basis for decision to detect
outlier.

As an example, figure 6 presents the Box-and-
Whisker-Structure calculated from all minutes
decomposed in 8 IMFs on 7™ November 2003 in an
elevation between 40 and 70° (fig. 6). The black
stars mark the median period-median energy values
of a particular IMF; the black box contains 50% of
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the values of a particular IMF; the coloured boxes
mark the 1.5-Whisker (e.g. IMF 7: median value:
INT=23, InE=2.3, 50%-box: InT= 1.9...3.3,
InNE= 1.0...4.5, 1.5-Whisker-Box: InT = 1.4...5.5
InE=-1.2...5.5).
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Fig. 6. 2-dimensional-Box-and-Whisker for IMFs 1 to 7 calcu-
lated from all minutes decomposed in 8 IMFs on 7" November
2003 in an elevation between 40 and 70°. The dots present the
minute intervals with ionospheric signatures on 30" October
2003 between 21:00 and 22:00 UTC of satellite with PRN 18
Rys. 6. Dwuwymiarowy wykres typu ,,Box-and-Whisker” dla
IMF od 1 do 7, uwzgledniajac wszystkie minuty roztozone na
8 IMF, 7 listopada 2003 r., na wysokosci pomiedzy 40 i 70°.
Kropki przedstawiaja odstgpy minutowe z oznaczeniami jonos-
ferycznymi, 30 pazdziernika 2003 r., pomigdzy 21:00 a 22:00
czasu UTC, dla satelity PRN 18

Next, the IMFs’ median energy values and
median period values of all minute intervals
appearing during the occurrence of ionospheric
effects are compared with these Box-and-Whisker-
structures. As an example the IMFs’ median period
and energy values of the minute intervals from
21:25 to 21:50 (UTC) of satellite with PRN 18 (all
decomposed in 8 IMFs) are plotted as coloured
circles (fig. 6). As it can be seen the energy values
of nearly all IMFs are outside the 1.5-Whisker on
30™ October (coloured dots) during the occurrence
of strong ionospheric effects.

Multipath Propagation Influence

In order to describe the multipath propagation
influence on the data, the code-carrier-difference
C1 and L1 [m] has been analysed. This difference
consists of a constant term Cg., two times the
ionospheric delay (2l;), the multipath delay
difference (om;—dm;) and measurement noise

(&e1—1) [5].
Li@)-C())=Cep =21, +{0m —dm } +{¢ — e}

The analysis procedure remains the same as for
the L2-L1-Difference. First the code-carrier-
-difference has been calculated for every satellite.
Next the difference has been split in one minute
intervals and decomposed afterwards. For these
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intervals the energy and frequency values of each
IMF have been analysed. For all these values the
median frequency, median period and median
energy per IMF have been determined. As a result
a description of regular behaviour of the code-
-carrier-difference can be derived and outliers can
be detected. For first analyses data recorded on 2
days, 30™ and 31" January 2007 in Rostock/
Germany in aport environment next to a ferry
terminal have been used. As an example, the data of
the 30" and 31 October are presented and the
elevation dependency is analysed. The results are
shown in figure 7.
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Fig. 7. Median Energy as a function of Median Period of an
IMF depending on the elevation, 30" and 31% January, decom-
position in 7 IMFs. The values of the last IMF are not plotted.
The energy is normalized on the median energy of the first
IMF calculated from the data of all elevations

Rys. 7. Srednia energia jako funkcja $redniego okresu IMF
w zaleznoséci od wzniesienia, 30 i 31 stycznia, rozlozone na
7 IMF. Wartosci ostatniego poziomu IMF nie zostaty naniesio-
ne. Energia jest znormalizowana w $rodkowej energii (lub
0 $redniej energii) pierwszego poziomu IMF obliczonego dla
wszystkich danych wzniesien

For all IMFs it can be stated that the lower the
elevation the higher the energy. This results from
the fact that the propagation path is longer in lower
elevations and that’s why the influence of iono-
sphere and multipath is stronger. The results for the
two analysed days are almost the same. Hence the
presented relation can be seen as reference and base
for outlier detection.

Similar to the outlier detection procedure for
the L2-L1-Difference a 2-dimensional Box-and-
Whisker-Structure is calculated. As an example,
Fig. 8 presents the Box-and-Whisker-Structure
calculated from all minutes decomposed in 7 IMFs
on 31* January 2007. The black stars mark the me-
dian period-median energy values of a particular
IMF; the black box contains 50% of the values of
a particular IMF; the coloured boxes mark the 1.5-
Whisker. Next, the IMFs’ median energy values
and median period values of all minute intervals are
compared with these Box-and-Whisker-structures.
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As an example the IMFs’ median period and energy
values of the minute intervals from 18:09 to 18:15
(UTC) of satellite with PRN 11 (all decomposed in
7 IMFs) are plotted as coloured triangles (30"
January 2007) and coloured circles (31" January
2007), respectively. On 31% January during these
minutes the signals where highly disturbed due to
a docking ferry. As it can be seen the median values
of almost all IMFs are outside the 1.5-Whisker.

10 T
8, .
6,
£ | ek
Lok, -
w - .
£ | B
oﬂ E
2k
. ; i ; i i
) -1 0 1 2 3 4 5 6

InT [s]

Fig. 8. 2-dimensional-Box-and-Whisker for IMFs 1 to 6 calcu-
lated from all minutes decomposed in 7 IMFs on 31% January
2007. The dots present the minute intervals with strong multi-
path signatures on satellite with PRN 11 on 31% October 2007
between 18:09 and 18:15. The triangles represent the values
of these minutes on 30" October 2007

Rys. 8. Dwuwymiarowy wykres typu ,,Box-and-Whisker” dla
pozioméw IMF od 1 do 6, obliczony dla wszystkich minut
roztozonych w poziomach 7 IMF, 31 stycznia 2007 r. Kropki
przedstawiaja odstepy minutowe o silnym ,,podpisie” wielo-
sciezkowym na satelite PRN 11, 31 pazdziernika 2007 r.,
pomiedzy 18:09 a 18:15. Trdjkaty na wykresie okreslaja warto-
$ci tych minut na 30 pazdziernika 2007 r.

Conclusions

In order to meet the IMO-requirements for
automatic docking with GNSS, accurate code and
phase measurements are essential. As these measu-
rements are distorted by effects of various error
sources, efficient error detection and correction are
of main interest. For this purpose high rate GNSS
measurement data (20/50 Hz) have been analysed
with Hilbert Huang Transform. As a result
reference behaviour has been determined and
outlier detection has been realized. Further work
aim on using a larger data base to validate the
reference and on evaluating the procedure of outlier
detection.
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