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Abstract

The performance of Global Navigation Satellite System (GNSS) receivers is limited by the ionospheric scintillation
effects that cause signal degradation due to refraction, reflection and scattering of the signals. Hence, there is a
need to develop an ionospheric scintillation detection technique for robust GNSS receivers. In this paper, a new
algorithm based on multifractal detrended fluctuation analysis (MF-DFA) is proposed for detecting the ionospheric
irregularities. The ionospheric and scintillation GNSS data recorded at Koneru Lakshmaiah (KL) University, Guntur,
India, was considered for the analysis. The carrier to noise ratio (C/N0) time series data of GNSS satellite vehicles that
are affected due to scintillations was decomposed using adaptive time–frequency methods like empirical mode
decomposition (EMD), ensemble empirical mode decomposition (EEMD) and complementary ensemble empirical
mode decomposition (CEEMD). It was observed that the CEEMD method combined with MF-DFA provides better
results as compared to the EMD and EEMD techniques.
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Introduction
Ionospheric scintillation is one of the predominant
propagation impairments at L-band frequencies that per-
sist because of the existence of irregularities in the iono-
sphere due to refraction, reflection and scattering of the
radio signals (e.g. De Paula et al. 2003; Iyer et al. 2006;
Cherniak et al. 2014). When a radio wave passes through
the ionosphere, the irregularities distort the wavefront
and as the wave moves towards the ground, phase mix-
ing occurs creating a diffraction pattern on the ground.
This diffraction phenomenon was determined by the size
and strength of the ionospheric irregularities (Yeh and
Liu 1982). The diffraction mechanism gives rise to amp-
litude scintillations which occur mainly due to small-
scale irregularities when phase variations are small.
However, due to large scale irregularities, the phase
fluctuations are dominant and the wave becomes non-
coherent thereby focusing and defocusing of the rays is
not possible (Wernik et al. 2004). As the interference
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mechanism is not valid under such conditions, amplitude
scintillations do not increase further and phase scintilla-
tions become significant (Wernik et al. 2004). Amplitude
and phase scintillations degrade the Global Navigation
Satellite System (GNSS) receiver’s tracking performance
(e.g. Kintner et al. 2007; Aquino and Sreeja 2013). In order
to improve the positional accuracy and availability of
GNSS receivers, several methods have been proposed to
detect the ionospheric scintillations (e.g. Suman et al.
2004; Pullen et al. 2009). A real-time ionospheric scintilla-
tion model, which determines the automatic threshold for
different scintillation signals using the Neyman–Pearson
detector, has been implemented (Venkata Ratnam et al.
2015). Mushini et al. (2012) proposed a wavelet-based
detrending technique for detrending GPS signals. Wavelet
detrending technique reveals local features of the signals
as compared to Butterworth detrended filter (Mushini
et al. 2012). Empirical mode decomposition (EMD) and
ensemble empirical mode decomposition (EEMD) me-
thods have been found to be suitable for analysing non-
stationary signals (Wang et al. 2012). Multifractal
detrended fluctuation analysis (MF-DFA) has been
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successfully implemented in medical and geophysics appli-
cations to investigate the self similarities and long-range
correlations in the signals (e.g. Kantelhardt et al. 2002;
Tanna and Pathak 2014).
The multifractality nature of the ionospheric time

series data due to long-range correlations can be ana-
lysed using the MF-DFA technique. With this technique,
the non-linear properties and complexity of random
ionospheric irregularities are determined. In this letter,
a novel algorithm, complementary ensemble empirical
mode decomposition (CEEMD)–MF-DFA, was proposed
and implemented to extract the noise components of the
GPS signal. The results obtained using the CEEMD–MF-
DFA technique was compared and validated with the
wavelet, EMD–MF-DFA and EEMD–MF-DFA techniques.

CEEMD–MF-DFA algorithm
EMD is an adaptive technique used to analyse non-
linear and non-stationary signals. The major advantage
of this time–frequency data analysis method lies in de-
riving the basis functions from the characteristics of the
signal, whereas the basis functions in wavelets are prede-
fined based on the mother wavelet used (Mallat 1999).
Sifting process is used to generate the intrinsic mode
functions (IMF), and a residue which, when added, will
give the original signal reconstruction. The residue rep-
resents the trend of the signal and cannot be decom-
posed further. To achieve the effective functioning of
EMD, the differences between the frequencies and amp-
litude must be sufficient for decomposition analysis,
which otherwise leads to the limitation known as mode
mixing (Huang et al. 1998).
Hence, to avoid the consequences of a mode-mixing

problem, an improved EMD algorithm has been pro-
posed known as EEMD. In this method, a Gaussian
white noise is added before decomposition to minimise
the effects of mode mixing in the EMD process. How-
ever, the inclusion of white noise with inappropriate am-
plitudes will generate a different number of modes that
contains the components not related to the signal. Also,
it introduces the residual of noise in the reconstructed
signal (Wu and Huang 2009).
To overcome the problems of the EEMD method,

CEEMD has been proposed in which positive and nega-
tive white noises are added to the data. Hence, two sets
of ensemble IMFs are produced, and the reconstructed
signal can be obtained by finding the mean of these
IMFs. In CEEMD, residual of the added white noise con-
tained in the IMFs is eliminated completely (Yeh et al.
2010). IMFs of EMD, EEMD and CEEMD have been de-
rived for preparing inputs of the MF-DFA techniques.
The algorithm of MF-DFA was initiated with the cal-

culation of average for each IMF I (i) of C/N0 time series
data, and the integrated signal y (i) was obtained by
removing the average from the IMF; it is calculated by
the following equation:

y ið Þ ¼
Xi
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M

XM
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where M is the length of the time series.
Next, the entire integrated time series of IMF was sep-

arated into Ms segments which are non-overlapping
where Ms = M/s and s is the length of the segment. For
the present case, the entire time series was divided into
20 segments, where s = 1000 is the length of the seg-
ment. In general, the length of the segment must be
chosen to avoid computation error in fluctuation func-
tion F (q). The complete procedure of this step was re-
peated from the opposite end as M is not a multiple of
length s, and hence, 2Ms segments were obtained. In the
next step, the least square fit was performed in each
segment and the variance was calculated for the seg-
ments u = 1,…,Ms using the equation below:

F2 s; uð Þ ¼ 1
s
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For the segments u = Ms + 1, …, 2Ms, the variance
was obtained as

F2 s; uð Þ ¼ 1
s
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To evaluate the effect of fluctuations of various ampli-
tudes of IMF signals and on various time scales, the qth
order fluctuation for q ≠ 0 is given by (Kantelhardt et al.
2002)
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2Ms

XMs

u¼1

F2 s; uð Þ� �q
2

( )1
q

ð4Þ

q orders between −5 and 5 are more suitable for avoid-
ing errors in multifractal spectrum (Ihlen 2012). The
scaling behaviour of the fluctuation function can be re-
vealed from the variation of Fq (s) with the segment size
s for different orders on a log–log scale that obeys the
power law given by

Fq sð Þe sh qð Þ ð5Þ

where h(q) is the scaling exponent known as generalised
Hurst exponent (Hurst 1951). For a multifractal time
series data, there exist a number of Hurst exponents for
different q orders of fluctuation. For positive values of q,
Hurst exponent characterises the scaling nature of the
segments with large variations, and for negative q values,
h(q) indicates the scaling performance of the segments



Fig. 1 The 12 IMFs generated using the CEEMD technique for C/N0

values of PRN 15 on 29 June 2013 sampled at 1 Hz rate
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with small variations exhibiting the multiscaling features
of the signal considered (Kantelhardt et al. 2002).
The Hurst exponent value is a key parameter in esti-

mating the threshold, and the IMFs with h(q) greater
than the threshold are considered for reconstruction of
the signal; the remaining IMFs constitute the scintilla-
tion components. As the scintillation noise was assumed
as white noise, Hurst exponent of 0.5 was considered for
analysis. In the case of EMD–MF-DFA, to reduce mode-
mixing effects, a threshold φ = H + 0.2 = 0.7 was used
for identifying the noisy IMFs. For the EEMD–MF-DFA
and CEEMD–MF-DFA techniques, a threshold φ = H = 0.5
was considered as a mode-mixing problem does not exist
in these methods (Mert and Akan 2014).

Results and discussion
Koneru Lakshmaiah (KL) University, Guntur (16.31°N,
80.37°E), falls under the transition zone of equatorial
ionisation anomaly crest and trough of low latitude
regions. Pseudo random noise (PRN) code 15 satellite sig-
nal (29 June 2013) was applied with the CEEMD–MF-
DFA technique. To avoid multipath effects, the signal with
elevation angles greater than 30° was considered. The
maximum amplitude scintillation index (S4 index) value
observed was 0.85 at 23.28 h (IST). The corresponding
decrease in carrier to noise ratio (C/N0) to 31 dB-Hz
indicates the presence of non-linear irregularities in the
ionosphere.
Figure 1 shows the 12 IMFs generated using the

CEEMD technique for C/N0 values of PRN 15 on 29
June 2013 sampled at 1 Hz rate. A white noise of 0.1
standard deviation was added to the GPS signal in the
EEMD and CEEMD techniques before decomposing for
solving the mode-mixing problem. Due to the inclusion
of complementary noise components, the modes gener-
ated using CEEMD matched with the inherent charac-
teristics of the signal. This feature has been considered
in the CEEMD–MF-DFA technique. It is evident that
the CEEMD method decomposed the signal into finer
components than the EMD and EEMD methods for the
given ensemble number of iterations. The IMFs obtained
contained both significant signal components as well as
scintillation components, whereas the residue indicated
the trend of the C/N0 signal. To detect the scintillations,
the MF-DFA technique was applied to each and every
IMF to calculate the values of Hurst exponent (H).
The MF-DFA algorithm separated the IMFs of each

decomposition method into non-overlapping segments
from which multifractal detrended fluctuation F (q) was
calculated using (4). The input parameters to the MF-
DFA algorithm were segment size, fluctuation order q
and trend order m. These parameters were selected to
obtain the optimised performance of the algorithm
(Kantelhardt et al. 2002). For a given IMF, the Hurst
exponent will be different for different q orders; hence,
the amount of scintillation noise that can be mitigated is
significantly different as the Hurst exponent may fall
either below or above the threshold. Hurst exponents
for the orders q = 1, q = 3 and q = 5 were calculated for
the IMFs of the CEEMD technique. It was identified that
the first four IMFs were noises as their Hurst exponents
fell below the threshold for orders q = 1 and q = 3. On
the other hand, the first five IMFs constituted the scintil-
lations when q = 5, indicating a better reduction of
noise. Hence, in this analysis, a linear trend was followed
with m = 1 and order q = 5 was considered to represent
intense amplitude scintillations over a short time period.
Figure 2 indicates the variation of generalised Hurst ex-
ponent for the IMFs obtained using the EMD, EEMD
and CEEMD methods for order q = 5. In the case of
EMD–MF-DFA, as the threshold was fixed at 0.7, the
last 8 IMFs were used for the reconstruction of C/N0

signal, whereas IMFs 6 to 12 were considered for the
EEMD/CEEMD–MF-DFA methods, resulting in an im-
proved performance.
By summing up the IMFs with H values below the

threshold, we can obtain the amount of scintillation
noise from the data. Figure 3 shows the results of the
CEEMD–MF-DFA method in reducing the noise from
the GPS signal. The noise of about 8.20 dB-Hz was ex-
tracted from the signal using the proposed method for
PRN 15 on 29 June 2013 at 23.28 h (IST) when



Fig. 2 The variation of generalised Hurst exponent for the IMFs
obtained using the EMD, EEMD and CEEMD methods for order q = 5
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compared to 7.01 dB-Hz with the EEMD–MF-DFA me-
thod. The amount of noise reduced using wavelets and
the EMD–MF-DFA methods was 0.44 and 7.64 dB-Hz,
respectively. It is evident from the results that detection
of scintillation noise is better with the CEEMD–MF-
DFA method than the existing techniques due to inclu-
sion of complementary noise that reduces the residual of
the noise. Since threshold of 0.7 was used for the EMD
method to compensate the mode-mixing problem, the
detection of noise was better with the EMD than with
the EEMD technique. During the post sunset period on
29 June 2013, where C/N0 values of PRN 15 had been
reduced significantly because of amplitude scintillations,
Fig. 3 The results of the CEEMD–MF-DFA method in reducing the
noise from the GPS signal
the CEEMD–MF-DFA method performed well in the
mitigation of ionospheric scintillations.
The performance of the CEEMD–MF-DFA was com-

pared and validated with the results of the wavelet, EMD–
MF-DFA and EEMD–MF-DFAmethods, as shown in Fig. 4.
Daubechies wavelet of order 8 was used along with a soft
threshold. It is evident that the mitigation of scintillation
noise is better with the CEEMD–MF-DFA technique than
the wavelet, EMD–MF-DFA and EEMD–MF-DFA me-
thods. The C/N0 value was improved to 39.20 dB-Hz using
the proposed algorithm corresponding to 31 dB-Hz of the
original signal at 23.28 h (IST) on 29 June 2013 for PRN 15
when fluctuation order q = 5 was used. The corresponding
C/N0 values for wavelets, EMD and EEMD were 31.44,
38.64 and 38.03 dB-Hz, respectively. More than 1.1 dB-Hz
of scintillation is extracted by the proposed method as
compared to the EEMD–MF-DFA technique.

Conclusions
A new algorithm based on CEEMD–MF-DFA was imple-
mented for mitigating the noise components due to iono-
spheric scintillations in GNSS signals. The performance of
the proposed method was compared with the results
of the wavelet, EMD–MF-DFA and EEMD–MF-DFA
methods. The IMFs obtained using EMD, EEMD and
CEEMD for C/N0 signal were applied to the MF-DFA
method to calculate the Hurst exponent, which is essential
for estimating the threshold for detecting the noise due to
scintillation. 8.20 dB-Hz of noise was detected and re-
duced using CEEMD–MF-DFA. It is evident from the re-
sults that more than 1.1 dB-Hz noise was filtered out by
the proposed method as compared to other techniques.
The results will be useful for understanding the mor-
phology of non-linear ionospheric irregularities.
Fig. 4 The performance of the CEEMD–MF-DFA was compared
and validated with the results of the wavelet, EMD–MF-DFA and
EEMD–MF-DFA methods
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